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Abstract
Reversible photodegradation is a relatively new phenomenon observed mostly in
dye-doped polymer materials. While the mechanism responsible for reversible
photodegradation is not yet understood, a kinetic model describing the time-
dependence of reversible photodegradation has been quantitatively examined
with previous studies in disperse orange 11 doped in poly(methyl methacrylate)
(DO11/PMMA) using amplified spontaneous emission (ASE) and transmittance
image microscopy (TIM) techniques. However, we find that the latest kinetic
model is inconsistent with new experimental results.
We hypothesize a mechanism responsible for reversible photodegradation
of 1-substituted aminonanthraquinones doped in two polymers, PMMA and
polystyrene. In this hypothesis, photodegradation of dye originates from
(photo)chemical reactions between dye and thermally-degraded polymers, and
recovery corresponds to the metastable reaction products returning back to
the pristine dye. Reversible photodegradation of dye dissolved in liquid
monomers and doped in polymers have been studied using ultraviolet-visible
(UV-Vis) spectroscopy. The absorption spectra of proposed photodegraded
species are obtained experimentally and compared with time-dependent density
functional theory calculations. The change of molecular structures in reversible
photodegradation is investigated with Fourier transform infrared spectroscopy.
These results qualitatively verify the proposed mechanism.
New experimental results suggest inhomogeneous kinetics of photodegra-
dation and recovery, and diffusion is proved to not be involved. Reversible
photodegradation experiments probed with ASE and UV-Vis spectroscopy
simultaneously confirm that new observations are the same processes as in
previous studies probed with ASE. Comparing new results of photodegradation
in DO11/PMMA with previous ASE studies, we find that the photodegradation
rate may vary depending on whether the irradiation generates ASE, which
results in disagreement between two studies. We also find that the temperature
dependent photodegradation and recovery data supports an energy barrier
scenario which contradicts the previous model, but does not fully agree with a
simple energy barrier model. A possible cause is that the correct rate distribution
v
vi ABSTRACT
due to special heterogeneity is not yet found.
The proposed mechanism indicates that a key to improve the photo-stability
of doped polymers is to eliminate the possibility of (photo)chemical reactions
occurring between dopants and thermally-degraded polymers.
Contents
Abstract v
Contents vii
List of Figures xi
List of Tables xxi
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Observations of reversible photodegradation . . . . . . . . . . . 4
1.3 Previous studies . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.1 Non-interaction model . . . . . . . . . . . . . . . . . . . 7
1.3.2 Correlated chromophore domain model . . . . . . . . . 8
1.3.3 Further modifications on the CCDM . . . . . . . . . . . 9
1.4 Issues and challenges . . . . . . . . . . . . . . . . . . . . . . . . 10
2 Proposed mechanism 13
2.1 Reversible photodegradation of dye . . . . . . . . . . . . . . . . 14
2.1.1 Intramolecular Proton transfer (IPT) . . . . . . . . . . . 14
2.1.2 Twisted intramolecular charge transfer (TICT) . . . . . 16
2.2 Reversible photodegradation of dyes in solvents . . . . . . . . . 17
vii
viii CONTENTS
2.2.1 Anion formation . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Domains . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.3 Photochemical reaction between dye and solvents . . . . 19
2.3 Irreversible photodegradation of a dye-doped polymer . . . . . 21
2.4 Proposed mechanism . . . . . . . . . . . . . . . . . . . . . . . . 25
3 Experimental Techniques 29
3.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.1 Dye in monomer liquid samples . . . . . . . . . . . . . . 30
3.1.2 Thin-film samples prepared from monomer . . . . . . . 30
3.1.3 Thin-film samples for Fourier transform infrared (FTIR)
spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Amplified Spontaneous Emission (ASE) . . . . . . . . . . . . . 31
3.2.1 Basic principle . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.2 Experimental method - ASE . . . . . . . . . . . . . . . 34
3.3 Linear Absorption spectroscopy . . . . . . . . . . . . . . . . . . 35
3.3.1 Lambert-Beer law . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Experimental method - linear absorption spectroscopy . 36
3.4 Fourier transform infrared spectroscopy . . . . . . . . . . . . . 38
3.4.1 FTIR spectrometry . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 Experimental method - FTIR spectroscopy . . . . . . . 40
4 Diffusion? 43
5 Reversible photodegradation of liquid dye solutions 47
5.1 Liquid dye solution experiment . . . . . . . . . . . . . . . . . . 47
5.2 Reversible photodegradation of liquid dye solutions . . . . . . . 48
5.2.1 1AAQ/styrene . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.2 1AAQ/MMA . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.3 DO11/styrene . . . . . . . . . . . . . . . . . . . . . . . . 54
CONTENTS ix
6 Quantum chemistry calculation 61
6.1 Density functional theory . . . . . . . . . . . . . . . . . . . . . 61
6.2 Computational method . . . . . . . . . . . . . . . . . . . . . . . 65
6.3 Computational and experimental results . . . . . . . . . . . . . 66
7 Fourier transform infrared spectroscopy 73
7.1 Observations in UV-Vis spectrum . . . . . . . . . . . . . . . . . 74
7.2 FTIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.2.1 Possible mechanisms . . . . . . . . . . . . . . . . . . . . 84
7.3 Further discussion on PTCR hypothesis . . . . . . . . . . . . . 88
8 Kinetics of reversible photodegradation 91
8.1 Stretched exponential recovery . . . . . . . . . . . . . . . . . . 91
8.2 Photodegradation . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.3 Kinetics of the recovery process . . . . . . . . . . . . . . . . . . 99
8.3.1 The decay process . . . . . . . . . . . . . . . . . . . . . 100
8.3.2 The recovery process . . . . . . . . . . . . . . . . . . . . 101
9 Conclusion 109
A Absorbance of photodegraded dye species 113
A.1 DO11/PMMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
A.2 DO11/PS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
B Molecular orbitals and structures 125
C Thickness of dye-doped polymer films 129
D Changes in the background of the FTIR system 131
E Disagreement between linear measurements 135
x CONTENTS
Bibliography 141
List of Figures
1.1 Dye molecules used in this study: 1-Aminoanthraquinone (1AAQ)
and disperse orange 11 (DO11). . . . . . . . . . . . . . . . . . . 3
1.2 Monomers and polymers used in this study: methyl methacrylate
(MMA), poly(methyl methacrylate) (PMMA), styrene and
polystyrene (PS). . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Reversible photodegradation of a DO11/PMMA thin-film sample.
The sample was irradiated by a cw laser with wavelength 532 nm
for 12 minutes, then left in the dark with pump laser turned off.
The molecular structure represents DO11: black represents the
carbon atom, gray is the hydrogen atom, red is the oxygen atom
and blue is the nitrogen atom. . . . . . . . . . . . . . . . . . . . 6
2.1 (a) Photoinduced IPT tautomerization in DO11 and the
mechanism responsible for reversible photodegradation.(b) The
corresponding energy level diagram. . . . . . . . . . . . . . . . 15
2.2 TICT in DO11 upon photoexcitation. . . . . . . . . . . . . . . 16
2.3 Anion formation of DO11 doped in polymer matrix. . . . . . . 17
2.4 Domain formation of DO11 tautomer doped in PMMA. Dashed
lines indicate hydrogen bonds. . . . . . . . . . . . . . . . . . . . 18
2.5 Reversible photocycloaddition of 1AAQ with a diene. . . . . . . 19
2.6 First row: Proposed reversibly-damaged DO11 biproducts made
by photocycloaddition with MMA (left) and styrene (right).
Second row: Illustration of possible irreversibly-damaged DO11
species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
xi
xii LIST OF FIGURES
2.7 Absorption spectra of a 9 g/L DO11/PS thin film sample taken
before (0 min) and after 90 minutes (90 min) of irradiation using
a 532 nm wavelength cw laser with intensity 35.0 W/cm2. The
visible absorption band of pristine DO11 (0 min) is due to the
ICT from the amine group to both carbonyl groups, the center
ring and the unsubstituted ring as illustrated with thick green
lines, and that of a possible irreversibly-degraded DO11 species
(90 min) indicates partial ICT path remaining. The electron
density of pristine DO11 and damaged species is calculated in
Chapter 6 and plotted in Appendix B. . . . . . . . . . . . . . . 22
2.8 PTCR in DO11/PMMA. The asterisk indicates photoexcited
DO11 or heated PMMA through nonradiative energy transfer
from excited DO11. Reversible and irreversible degradation in
DO11 starts after thermal degradation of PMMA (step (3)). Non-
radical segments can also undergo thermal degradation similar
to step (2) and (3) resulting in radicals. The reversibly-damaged
species may undergo recovery (back reaction of step (4)) or
decompose into irreversibly-damaged species and radical segments
(step (4’)). “irr1” and “irr2” are possible irreversibly-damaged dye
species illustrated in Figure 2.6. There can be other irreversibly-
damaged dye species depending on DO11’s nearby radicals and
polymer segments. . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1 Amplified spontaneous emission generated along a slender rod. 33
3.2 ASE experimental setup. Both polarizers allow vertically
polarized pump beam to pass. SHG is the second harmonic
generation crystal, DM is a set of dichroic mirrors, HWP is a
half-wave-plate, CL is a cylindrical lens, L is a set of convex lens,
LP is a longpass filter, A/D is the analog-to-digital converter,
PD1 to PD4 are photodetectors, and the dashed line is a black
box to block strong scattering light. PD1 collects the scattered
pulsed laser light to trigger ADC. PD2 monitors the intensity
of the pump beam. PD3 collects ASE signal. PD4 collects the
transmitted pump laser light. . . . . . . . . . . . . . . . . . . . 34
3.3 ASE generated by a pulsed laser beam with wavelength 532 nm
focused with a cylindrical lens onto a dye-doped polymer thin-film
sample. The excitation line is perpendicular to the polarization
of the pump beam to yield ASE along the excitation line with
maximum efficiency. . . . . . . . . . . . . . . . . . . . . . . . . 35
LIST OF FIGURES xiii
3.4 Experimental set up. The pump beam comes from a cw laser
and is expanded 5 times in diameter. The dashed line represents
the pulsed laser beam focused with a cylindrical lens onto the
sample. (cw) CW Laser. (b) 5× beam expander. (c) Shutter.
(d) Beam dump. (w) White light source. (f) Optical fiber. (e)
Spectrometer. (l) Convex lens. (cl) Cylindrical lens. (s) Sample.
(lp) longpass filter. (p) Photodetector. . . . . . . . . . . . . . . 36
3.5 Illustration of the cross sections of pump (green disk) and probe
(white disk) beams at the sample. The 532 nm cw laser was
expanded to a diameter of 7.5 mm. The white light source was
focused to 0.6 mm in diameter. The pulsed laser was focused
to 60 µm (red line ) in width and centered on the masked glass
substrate with a 5 mm wide open window. . . . . . . . . . . . . 37
3.6 Michelson interferometer. . . . . . . . . . . . . . . . . . . . . . 38
3.7 FTIR setup. BE is the 5× beam expander, M is the MCT
detector, S is the sample, and W is the quartz window. The
sample can be rotated during the experiment. The window is
covered and the laser beam is blocked while taking IR spectra. . 41
4.1 Illustration of the pump and probe beams overlapping in the
sample. The white light probe has a diameter R and at the focus
Rfocus = 0.6 mm. The sample with a diameter S was moved to a
position where Rfocus < S < R to perform the photodegradation
and recovery experiments. The pump beam was expanded to 7.5
mm in diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 (a) Absorption spectrum of 1AAQ/PMMA during decay. The
dashed spectrum was taken when the white light was focused on
the sample. The solid curves are spectra in which the white light
source’s transverse width is larger than the sample’s diameter.
The dotted spectra are the changing absorbance relative to the
fresh spectrum taken before irradiation ( 0 min). (b) Absorbance
of 1AAQ/PMMA during recovery. . . . . . . . . . . . . . . . . 45
5.1 Illustration of the pump (green) and probe (white) beams
overlapping on a liquid dye/monomer solution (orange). The
pump beam is a cw laser with 532 nm wavelength. . . . . . . . 48
5.2 Absorbance and changing absorbance of 1AAQ in styrene as a
function of time (a) under irradiation of a 532 nm wavelength
cw laser, and (b) after 5 minutes of irradiation. . . . . . . . . . 50
xiv LIST OF FIGURES
5.3 Absorbance and change in absorbance of 1AAQ in MMA as a
function of time (a) when irradiated with a 532 nm wavelength
cw laser, and (b) after 38 minutes of irradiation. Spectra taken
after the 57th minute fluctuate between that at the 57th and the
67th minute and are not shown here except for the one at the
67th minute. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.4 Absorbance and change in absorbance of 1AAQ/PMMA with
concentration 8.5 g/L (a) when irradiated by a 532 nm wavelength
cw laser with intensity 1.71 W/cm2, and (b) during recovery after
50 minutes of irradiation. . . . . . . . . . . . . . . . . . . . . . 52
5.5 Change in absorbance of 1AAQ/MMA relative to the absorption
spectrum at the 38th minute, the end time of irradiation. Spectra
taken after the 57th minute fluctuate between that at the 57th
and the 67th minute and are not shown here except for the one
at the 67th minute. . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.6 Change in absorbance of 1AAQ/PMMA relative to the absorption
spectrum at the 50th minute, the end time of irradiation. . . . 54
5.7 Absorbance and change in absorbance of DO11 in styrene (a)
when irradiated with a 532 nm wavelength cw laser, and (b)
during recovery after 17 minutes of irradiation. . . . . . . . . . 55
5.8 Absorbance and change in absorbance of a 9 g/L DO11/PS thin
film sample (a) when irradiated with a 532 nm wavelength cw
laser of intensity 0.43 W/cm2, and (b) during recovery after 7
minutes of irradiation. . . . . . . . . . . . . . . . . . . . . . . . 57
5.9 (a) Change in absorbance of DO11 in styrene during photodegra-
dation and recovery relative to the absorption spectrum at the
17th minute. (b) Same as (a) but only the ones during recovery. 58
5.10 (a) Change in absorbance of DO11/PS during photodegradation
and recovery relative to the absorption spectrum at the 7th
minute. (b) Same as (a) but only the ones during recovery. . . 59
6.1 Colors in molecular structures: black represents the carbon atom,
gray is the hydrogen atom, red is the oxygen atom and blue is the
nitrogen atom. (a) The modified DO11 tautomer structure used
for ground state geometry optimization. (b) The DO11 tautomer
structure obtained by rotating the C−OH group by 180◦ from
the optimized geometry. . . . . . . . . . . . . . . . . . . . . . . 66
LIST OF FIGURES xv
6.2 (a) UV-Vis absorption spectrum of pristine DO11/PS, the
spectrum taken after 90 minutes of irradiation (dashed curves),
and the oscillator strength of the possible reversibly-degraded
species (vertical lines). (b) Change of absorbance during decay
with respect to the pristine sample (dotted curves) and the
oscillator strength of the possible reversibly-degraded species
(vertical lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.3 (a) UV-Vis absorption spectrum of pristine DO11/PS, the
spectrum taken after 90 minutes of irradiation (dashed curves),
and the oscillator strength of the possible irreversibly-degraded
species (vertical lines). (b) Change of absorbance during decay
with respect to the pristine sample (dotted curves) and the
oscillator strength of the possible irreversibly-degraded species
(vertical lines). The oscillator strength of the DO11-styrene
oxetane is also plotted in both graphs for comparison. . . . . . 69
6.4 (a) UV-Vis absorption spectrum of pristine DO11/PMMA, the
spectrum taken after 59 minutes of irradiation (dashed curves),
and the oscillator strength of the possible reversibly-degraded
species (vertical lines). (b) Change of absorbance during decay
with respect to the pristine sample (dotted curves) and the
oscillator strength of the possible reversibly-degraded species
(vertical lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.5 (a) UV-Vis absorption spectrum of pristine DO11/PMMA, the
spectrum taken after 59 minutes of irradiation (dashed curves),
and the oscillator strength of the possible irreversibly-degraded
species (vertical lines). (b) Change of absorbance during decay
with respect to the pristine sample (dotted curves) and the
oscillator strength of the possible irreversibly-degraded species
(vertical lines). The oscillator strength of the DO11-MMA
oxetane is also plotted in both graphs for comparison. . . . . . 72
7.1 Absorption spectrum and the change of absorbance relative to
the pristine sample of 1AAQ/PMMA as a function of time during
(a) decay and (b) recovery. . . . . . . . . . . . . . . . . . . . . . 75
7.2 The Change in absorbance of 1AAQ/PMMA relative to the
spectrum taken at the 30th minute, the time at which the pump
laser turned off. . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
xvi LIST OF FIGURES
7.3 (a) Absorption spectra of 1AAQ/PMMA during recovery after
irradiated in the FTIR setup for 30 minutes. The first spectrum
was taken at the 42nd minute, 12 minutes after the irradiation.
(b) The change in absorbance relative to the spectrum taken at
the 42nd minute. . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.4 Black dots: Change of absorbance relative to the pristine
1AAQ/PMMA at 475 nm (2.61 eV) measured in air. Red hollow
squares: Change of absorbance relative to the 1AAQ/PMMA
absorbance taken at the 42nd minute, where the data is shifted
so that the values obtained at the 42nd minute match. The
decay experiment was performed in vacuum and the recovery
was recorded in air. . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.5 Comparison of noise and the change in IR absorbance of
1AAQ/PMMA during recovery after being irradiated with a
532 nm wavelength cw laser for 30 minutes. The vertical lines
correspond to the varying IR absorption bands shown in Figure
7.6 and discussed in the text. . . . . . . . . . . . . . . . . . . . 80
7.6 Peaks in the FTIR spectra are labeled: black for PMMA, blue for
1AAQ and red for absorption peaks that do not belong to PMMA
and 1AAQ. (a) IR absorbance of PMMA and 1AAQ/PMMA
at 0, 42 and 1980 min. (b) Change in the IR absorbance of
1AAQ/PMMA relative to the pristine spectrum (0 min) as a
function of time after being irradiated by a 532 nm wavelength
cw laser for 30 minutes. . . . . . . . . . . . . . . . . . . . . . . . 81
7.7 (a) IR absorbance of PMMA and 1AAQ/PMMA at 0, 42 and
1980 min. (b): Change in the IR absorbance of 1AAQ/PMMA
relative to the pristine spectrum (0 min) as a function of time
after being irradiated by a 532 nm wavelength cw laser for 30
minutes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.8 (a) Evolution of the change in the IR spectrum relative to
the pristine 1AAQ/PMMA after 30 minutes of irradiation.
Peaks belonging to 1AAQ have wavenumbers circled by hollow
rectangles with colors corresponding to that in the 1AAQ
structure in (b). Peaks belonging to PMMA are highlighted
by rectangles with colors corresponding to that in the PMMA
structure in (c). Peaks not belonging to PMMA and 1AAQ are
illustrated with (d) 1AAQ-MMA oxetane using the red circle,
(e) and (f) other structures originate from the background of
the system using dotted rectangles with the corresponding colors
shown in the structures. Details are described in the text. . . . 86
LIST OF FIGURES xvii
8.1 Photodegradation and recovery of a 9 g/L DO11/PMMA thin
film sample. The experimental details are described in Section
3.3.2. (a) The black squares show the change in absorbance at 460
nm and the red points show the ASE intensity. The pump laser
is on for the first 12 minutes to induce photodegradation. The
green dashed line shows a fit using Equation 8.5 to the change
in absorbance at 460 nm. The inset shows the first 60 minutes
with a linear time scale. (b) Same as (a) but ASE intensity is
converted to the population of DO11 molecules that generate ASE. 93
8.2 Recovery of DO11/PMMA with various concentrations fit using
the CCDM (red lines) and Equation 8.8 (blue lines). Data and
the CCDM fits are from the literature [53]. . . . . . . . . . . . 95
8.3 (a) Absorbance of DO11/PMMA thin film samples of 3 and 9
g/L concentrations. (b) The change of absorbance at 2.70 eV
(460 nm) under irradiation with a cw laser of 532 nm wavelength
at a peak intensity of 2.09 W/cm2. . . . . . . . . . . . . . . . . 96
8.4 A 9 g/L DO11/PMMA thin film was irradiated with a pulsed
laser with wavelength 532 nm at a peak intensity of 0.19 W/cm2.
The power of both the ASE light and the transmitted pulsed
laser beam were recorded simultaneously. The transmitted pulsed
laser beam was converted to a change in absorbance and the
ASE intensity was converted into a normalized population of the
undamaged DO11 molecules. . . . . . . . . . . . . . . . . . . . 97
8.5 Changing absorbance at 460 nm relative to pristine DO11/PMMA
thin film samples with concentration of 9 g/L at various
temperatures. All samples were irradiated with a 532 nm
wavelength cw laser of 2.09 W/cm2 peak intensity for 40 minutes,
then kept in the dark during recovery. The inset is the first 70
minutes with a linear time scale. . . . . . . . . . . . . . . . . . 99
8.6 Change in absorbance at 460 nm relative to a pristine DO11/PMMA
thin film samples of 9 g/L concentration at various temperatures.
All samples were irradiated with a cw laser of 532 nm wavelength
with 2.09 W/cm2 peak intensity for 120 minutes. The inset shows
the change in absorbance during the first 10 minutes of irradiation.100
8.7 Illustration of the spatial heterogeneity of a DO11/PMMA
sample after irradiation. The orange ellipses could be fresh
DO11, reversibly-damaged or irreversibly-damaged dye species,
and the light blue lines could be pristine polymer chains or
thermally-degraded polymer segments. The reversibly-damaged
dye molecules recover at different rates β1, β2, β3 · · · βn
depending on the local environment. . . . . . . . . . . . . . . . 102
xviii LIST OF FIGURES
8.8 Fitted stretched exponent as a function of (a) temperature and
(b) Gaussian width. . . . . . . . . . . . . . . . . . . . . . . . . . 103
8.9 (a) Gaussian width ω and the activation energy in Equation 8.11.
(b) Recovery rate β (Er = 0) calculated using Equation 8.9 and
inverse recovery time constant 1/τ as defined by Equation 8.4. 104
8.10 Stretched exponential recovery as a function of time for several
stretched exponents, η. n0 is the fraction of dye that is undamaged.106
8.11 (a) Density of states of the reversibly-damaged dye species
ρr (t0, Eb) at various temperature after 40 minutes of irradiation.
(b) Normalized ρr (t0, Eb). The “long exposure” curve is obtained
from the recovery data after 120 minutes of irradiation at 25 ◦C. 107
8.12 Density of states of the reversibly-damaged dye species evolving
over time subsequent to 40 minutes of irradiation to damage the
sample at (a) 25 ◦C and (b) 60 ◦C. . . . . . . . . . . . . . . . . 108
A.1 n0, nr and nirr are the fraction of fresh, reversibly-damaged and
irreversibly-damaged dye species, respectively. (a) The fresh dye
may photodegrade to both damaged species and the reversibly-
damaged species only recovers to the fresh dye but does not decay
further to the irreversibly-damaged species. (b) The same as (a)
but the reversibly-damaged species may recover to the fresh dye
or decay to the irreversibly-damaged species. . . . . . . . . . . 114
A.2 Change in absorbance of DO11/PMMA during recovery at 2.57
eV (482 nm). The sample was irradiated with a 532 nm cw laser
for 12 minutes then kept in the dark. . . . . . . . . . . . . . . . 115
A.3 (a) A0 and Airr (adjusted according to the relative thickness of
both samples) of a 9 g/L DO11/PMMA thin film sample. (b)
Change in absorbance at 2.57 eV (482 nm) and 3.09 eV (401 nm)
during decay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
A.4 (a) Absorbance of the pristine DO11/PMMA (A0), the reversibly-
damaged DO11/PMMA (A(1)r , A(2)r and A(3)r , depending on
the pathway of further decay described in the text) and
the irreversibly-damaged DO11/PMMA (Airr). A (t0) is the
absorbance of DO11/PMMA sample measured at time t0, at
which time the pump laser was turned off. (b) Difference of
absorbance between the reversibly-damaged species and the
reversibly-damaged species A(1)r and A(3)r (see text and Table
A.1), and between the pristine dye and the reversibly-damaged
species A(1)r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
LIST OF FIGURES xix
A.5 Change in absorbance of a 9 g/L DO11/PMMA thin film relative
to the spectrum taken at the 12th minute, the time at which the
pump beam is turned off. . . . . . . . . . . . . . . . . . . . . . 119
A.6 (a) A0 and Airr of a 9 g/L DO11/PS thin film sample. (b)
Change in absorbance at 2.64 eV (470 nm) and 3.22 eV (385 nm)
during decay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.7 Change in absorbance of DO11/PS at 2.64 eV (470 nm). The
sample was irradiated with a 532 nm cw pump laser for 7 minutes
then kept in the dark except for the time intervals during which
absorbance was measured. . . . . . . . . . . . . . . . . . . . . . 122
A.8 (a) Absorbance of the pristine DO11/PS (A0), the reversibly-
damaged DO11/PS (A(1)r , A(2)r , A(3)r and A(4)r , depending on
the pathway of further decay described in the text) and the
irreversibly-damaged DO11/PS (Airr). A (t0) is the absorbance
of DO11/PS sample measured at time t0, at which time the pump
laser was turned off. (b) Difference of absorbance between the
reversibly-damaged species and the reversibly-damaged species
A
(2)
r , A(3)r and A(4)r (see text and Table A.2), and between the
pristine dye and the reversibly-damaged species A(4)r . . . . . . . 123
A.9 Change in absorption spectrum of a 9 g/L DO11/PS thin film
relative to the spectrum taken at the 7th minute, the time when
the pump laser is turned off. . . . . . . . . . . . . . . . . . . . . 124
B.1 HOMO and LUMO electron density of DO11 and the proposed
reversibly-damaged species. Red and blue lobes indicate the
electron density with opposite phases in the electron wavefunction.
Colors in molecular structures: black represents the carbon atom,
gray is the hydrogen atom, red is the oxygen atom and blue is
the nitrogen atom. . . . . . . . . . . . . . . . . . . . . . . . . . 126
B.2 HOMO and LUMO electron density of DO11 and the proposed
irreversibly-damaged species. Red and blue lobes and colors in
molecular structures have the same meaning as in Figure B.1. . 127
B.3 Molecular structures of DO11 and the proposed reversibly- and
irreversibly-damaged species optimized by DFT calculation. The
calculated dipole moment (Debye) for each species is indicated
in the parentheses. Colors in molecular structures have the same
meaning as in Figure B.1. . . . . . . . . . . . . . . . . . . . . . 128
xx LIST OF FIGURES
D.1 (a) Comparison of change in IR absorbance of 1AAQ/PMMA
during recovery (42 and 1980 min) and the background signals
of the FTIR system (1020 and 2580 min). Peaks belonging to
1AAQ have wavenumbers circled by hollow rectangles with colors
corresponding to that in the 1AAQ structure in (b). Peaks
belonging to PMMA overlapping with the background signals are
highlighted by rectangles with colors corresponding to that in
the PMMA structure in (c). Peaks not belonging to PMMA and
1AAQ are illustrated with structures (d) and (e) using dotted
rectangles with the corresponding colors shown in the structures. 132
E.1 Three species model with reversible decay rate αIp/N , recovery
rate β′N and irreversible decay rate εIpN . n0, nr and nirr are
the population fractions of undamaged, reversibly-damaged and
irreversibly-damaged species, respectively. . . . . . . . . . . . . 136
E.2 Photodegradation of a 9 g/L DO11/PMMA sample irradiated
with a 488 nm wavelength cw laser at 79.1 W/cm2 intensity. (a)
Absorbance and change of absorbance recorded at various times.
(b) Change of absorbance as a function of time at 2.57 eV (482
nm), 2.70 eV (460 nm), and 3.09 eV (401 nm). . . . . . . . . . 138
E.3 Photodegradation of a 9 g/L DO11/PMMA sample irradiated
with a 488 nm wavelength cw laser at 18.5 W/cm2 intensity. (a)
Absorbance and change of absorbance recorded at various times.
(b) Change of absorbance as a function of time at 2.57 eV (482
nm), 2.70 eV (460 nm), and 3.09 eV (401 nm). . . . . . . . . . 139
List of Tables
7.1 The assignment of IR absorption bands with each assignment
colored in the corresponding molecular structure. The molecular
structures shown for molecules other than PMMA and 1AAQ
are merely illustrations for the corresponding IR bands, not
necessarily the actual molecules. Details of the assignment of the
IR bands are described in the text. . . . . . . . . . . . . . . . . 83
A.1 Fractions of three species n0, nr and nirr at time t0 that
result in the corresponding absorbance of the reversibly-damaged
DO11/PMMA species A(1)r , A(2)r and A(3)r shown in Figure A.4(a).119
A.2 Fractions of three species n0, nr and nirr at time t0 that
result in the corresponding absorbance of the reversibly-damaged
DO11/PS species A(1)r , A(2)r , A(3)r and A(4)r shown in Figure A.8(a).124
xxi

Chapter 1
Introduction
Degradation of materials caused by absorption of photons is referred to as
photodegradation. Photodegradation is often undesirable, though in some cases
it may be intended to prevent environmental pollution [1, 2] or utilized for
photolithography [3–5]. Over the past decade, a vast variety of solid solutions,
typically doped polymers, have been found to self-heal after photodegradation
when kept in dark [6–18]. It is remarkable that self-healing takes place without
intervention, but rather is a spontaneous process. The commonly observed
self-healing phenomenon seems to contradict the second law of thermodynamics,
which suggests that damage in materials is an irreversible process.
In this chapter, we begin with the motivation of this study, followed with the
introduction of several self-healing phenomena observed from various materials
in literature, and a review of previous studies on this topic. Then we discuss
issues and challenges in past research as a motivation for the present studies.
1.1 Motivation
Organic dyes and polymers, which are the typical (but not the only) forms of
materials exhibiting the self-healing phenomenon, have been widely applied
in daily life such as textiles, paint, monitors and smart phones, and utilized
and studied in various fields of research such as high-resolution fluorescence
microscopy [19–22], second harmonic generation (SHG) microscopy [23–27], dye
sensitized, organic and polymer solar cells [28–32], dye lasers [33–37], organic
light emitting diodes [38, 39] and photodynamic therapy [40, 41]. Photostability
of organic compounds and polymers is often a requirement for applications
incorporating light-matter interaction [20–22, 36, 37, 42–46].
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Fluorophores play a crucial role in biological science primarily in microscopy
owing to resolution gains from imaging living matter tagged with fluorescence-
emitting molecules [19–22]. Fluorophores are also pi-conjugated molecules,
as are the molecules in dye sensitized solar cells (DSSCs) [30–32], organic
photovoltaics (OPV) [29–31], organic light-emitting diodes (OLEDs) [38, 39] and
dye lasers [34–37]. Advances in optical techniques and fluorophores provide more
precise measurements and powerful tools superior to conventional microscopy.
Fluorescence microscopy is also much more sensitive than other microscopies,
as it is a zero-background technique [24]. Two-photon and multiphoton
microscopy have improved spatial resolution due to the nature of the nonlinear
interaction between light and the molecules [20, 21]. By taking into account the
photophysical and photochemical properties of fluorophores, super-resolution
fluorescence microscopy achieved a resolution far beyond the diffraction limit
[22]. However, photobleaching of fluorophores leads to reduced fluorescence
signal and decreased resolution [20–22, 42, 43]. Improving photostability and
avoiding phototoxicity of fluorophores in two-photon fluorescence microscopy,
which requires excitation of fluorophores and thus causes photodegradation of
fluorophores, can be achieved by using SHG microscopy, since excitation of the
molecule is not required for harmonic light generation [23, 24]. This implies
that dye molecules should be designed with rapid relaxation pathways, or with
a large SHG signal and avoiding two-photon absorption to prevent excited
states formation [23–27]. Thus, finding more about materials is one avenue for
addressing photobleaching.
DSSCs utilizing organic dyes to generate photocurrent has strongly attracted
industrial interest and has been an active research field [28]. Organic and
polymer solar cells use pi-conjugated molecules and polymers to harvest solar
energy with advantages such as being free of toxic liquid electrolytes that can
leak, having greater mechanical flexibility and ease of manufacturing thin film
devices [30–32]. Exposure to sunlight can cause photodegradation of dyes or
polymers, affecting durability and reliability of DSSCs, organic and polymer
solar cells, which is their main disadvantage over conventional photovoltaic cells
[44, 45].
Dye lasers, both in liquid solution and in the solid state, have nearly
a half century of use in a wide range of research and technology [35–37].
Owing to the broad absorption and emission bands of dyes, dye lasers possess
unique operational flexibility in a wide variety of excitation sources, great
tunability of lasing wavelengths and capability of generating ultrashort pulses
[34, 35]. Although liquid dye lasers have been well developed for decades
and are still popular as light sources, the cumbersome design and the need
of routinely changing large amounts of toxic dyes and organic solvents due to
photodegradation prohibit their usage outside the laboratory. A solid state dye
laser incorporating rhodamine 6G in a polymer matrix was developed just one
year after the liquid dye laser was invented [33], which suggested a promising
alternative. The main drawback is the poor photostability of organic dyes in
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solid matrices and has been the main focus of research in developing robust
solid state dye lasers [36, 37, 46].
Figure 1.1: Dye molecules used in this study: 1-Aminoanthraquinone (1AAQ)
and disperse orange 11 (DO11).
Figure 1.2: Monomers and polymers used in this study: methyl methacrylate
(MMA), poly(methyl methacrylate) (PMMA), styrene and polystyrene (PS).
The observed reversible photodegradation in solid solutions and its potential
for applications as mentioned above strongly motivated this study. This study
aims to unveil the mechanism responsible for reversible photodegradation in
aminoanthraquinones-doped polymer matrices with molecular structures shown
in Figure 1.1 and 1.2, and shed light on the mechanism responsible for the
potentially universal self-healing property of solid solutions.
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1.2 Observations of reversible photodegradation
Photostability of a material is usually studied by exposing the material to light
and recording a characteristic property of the material such as fluorescence,
transmittance or refractive index. When a material undergoes photodegradation,
its characteristic properties change over time, which is referred to as decay. For
instance, the fluorescence intensity may decrease (or increase) monotonically due
to photodegradation; the reverse change in the characteristic properties of the
material is referred to as recovery. If photodegradation is an irreversible process,
once the characteristic property of a material decays after light exposure, that
property remains constant over time after the light source causing the damage
is turned off. Over the past decade, the recovery process has been observed
from a large variety of solid solutions with different experimental techniques
when the photodegraded materials were kept in dark for a long enough time,
typically many hours.
Fluorescence decay of rhodamine B- and pyrromethene-doped polymer
optical fibers as a result of exposing to a 514 nm continuous wave (cw) laser was
observed to recover completely or partially in the dark depending on the fluence
of irradiation during decay, and the recovery could take several hours [6]. A
series of polymethine dyes underwent photobleaching due to irradiation of a 532
nm picosecond laser, and the nonlinear optical absorption of polymethine dyes
was observed to restore from photobleaching with a single rapid recovery on the
order of seconds in ethanol solution, while in a solid poly(urethane acrylate)
elastopolymer host the recovery was observed to possess a fast component on
the order of minutes and a slow component on the order of hours to days, and
the restoration was found to be incomplete after high optical pump exposure
during decay [7]. Photoluminescence intensity of porous silicon nanoparticles
embedded in a UV cured polymer recovered completely or partially in a single
exponential fashion several hours after photoluminescence quenching caused
by exposing the sample to a 488 nm cw laser irradiation, while the quenching
was irreversible for nanoparticles alone [8]. Photoluminescence intensity of
an organic light-emitting diodes containing 8-hydroxyquinoline aluminum was
observed to partially recover in hours to days from photodegradation due to UV
light or visible laser exposure [10]. A partial restoration in the performance of
a DSSC device containing dye-sensitized nanoporous TiO2 and gel electrolyte
composed by mixing poly(methyl methacrylate) (PMMA), acetonitrile and
propylene carbonate (a gelling solvent), was observed after keeping the device
in the dark for 9 hours [11]. Two-photon fluorescence of AF455, an organic dye
doped into PMMA, was observed to almost fully recover in the dark for 9 hours
after being irradiated with a picosecond laser [12]. AF455 doped in PMMA
(AF455/PMMA) was observed to not only heal from photodegradation caused by
low fluence irradiation of a femtosecond laser, but laser ablated pits were found
to heal after high fluence laser ablation with the same femtosecond laser, while
no recovery was observed in damaged neat PMMA [13]. Full and partial recovery
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of AF455/PMMA were observed 1-3 months after photodegradation and laser
ablation, depending on fluence. PMMA polymer optical fibers doped with a
polyfluorene conjugated polymer was observed to exhibit partial recovery of one-
and two-photon-excited emission 24 hours after the decay due to irradiation of
a femtosecond laser [17].
The causes of the above self-healing phenomena were undetermined, though
some possible mechanisms were discussed by the authors without further study.
Nonetheless, mechanisms responsible for the recovery process of some systems
were investigated in the following studies. Femtosecond laser-induced refractive
index change of amorphous soda lime glass completely recovered two years after
micromachined (irradiated) by a femtosecond laser, and the healing process was
proposed to be the recombination of trapped electron-hole pairs produced by
electron ejection through a multi-photon absorption process under irradiation
[13]. In contrast to soda lime glass, there was no recovery observed from
SiC crystalline materials after femtosecond laser micromachining. The same
hypothesis was applied to the healing of AF455/PMMA after photodegradation
caused by femtosecond laser mentioned above, but the healing from laser ablation
was unexplained. Fluorescence recovery from two-photon bleaching was observed
in plasticizer added to dye-doped poly(vinyl alcohol) films, but not in pure
dye-doped polymer films, and the recovery was attributed to dye diffusion [47].
However, diffusion may not apply to other observations since it was not observed
in pure dye-doped polymer, which characterizes a majority of systems exhibiting
the self-healing phenomenon. Single-walled carbon nanotube- (SWNT) adsorbed
rhodamine B was reported to show complete recovery in fluorescence intensity
when stored in the dark for several hours after photobleaching under 514 nm cw
laser irradiation, and the mechanism causing decay and recovery of fluorescence
intensity was ascribed to charge transfer between dye and SWNT [48]. Reversible
photobleaching was only observed in the first layer of rhodamine B attached
to SWNT while other dye molecules underwent permanent photooxidation.
Although charge transfer may be applicable to other observations, the mechanism
suggests full recovery which is not always observed from other systems in which
dopants and hosts have more homogeneous mixture than SWNT-adsorbed dye.
Recombination of trapped electron-hole pairs, diffusion and charge transfer
may explain the self-healing phenomenon observed in some systems, but not all
systems.
Amplified spontaneous emission (ASE) in 1-Amino-2-methylanthraquinone
(1,2-AMAQ), also known as disperse orange 11 (DO11), doped in PMMA was
observed to fully recover in the dark about 40 hours after photodegradation
when irradiated by a 532 nm second harmonic ND:YAG picosecond laser [9];
however, no recovery was observed from ASE decay in DO11 dissolved in
dimethylformamide liquid solution [49]. The self-healing phenomenon was also
observed in various anthraquinone derivatives doped into PMMA [14, 16] and
DO11 doped in MMA-styrene copolymers [15, 50]. Reversible photodegradation
of DO11/PMMA has been studied with various experimental techniques [9,
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16, 50–53], and will be further studied in this work. An example of reversible
photodegradation in DO11/PMMA probed by ASE and linear absorption
spectroscopy from this work is shown in Figure 1.3.
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Figure 1.3: Reversible photodegradation of a DO11/PMMA thin-film sample.
The sample was irradiated by a cw laser with wavelength 532 nm for 12 minutes,
then left in the dark with pump laser turned off. The molecular structure
represents DO11: black represents the carbon atom, gray is the hydrogen atom,
red is the oxygen atom and blue is the nitrogen atom.
As described above, reversible photodegradation of solid solutions has been
observed in a wide variety of dopants and polymer hosts over the past decade.
While recombination of trapped electron-hole pairs, diffusion and charge transfer
may explain reversible photodegradation for some specific systems, mechanisms
causing reversible photodegradation for many other systems remain unsolved.
Since most systems exhibiting reversible photodegradation have polymers as
the host - the recovery time is typically between hours to days, and the degree
of recovery often depends on fluence - there may be a universal mechanism
responsible for reversible photodegradation phenomenon in solid solutions of
which the observations in this study are special case.
1.3 Previous studies
Two possible mechanisms responsible for reversible photodegradation of DO11/P-
MMA have been examined in early studies. Linear dichroism measurements
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excluded orientational hole burning as the mechanism causing reversible
photodegradation [51]. Spatially resolved ASE and fluorescence [54] and spatial
image [52] studies indicated that diffusion/back diffusion is not responsible for
reversible photodegradation. While the underlying mechanism is not yet known,
some phenomenological models have been proposed based on quantitative studies
of reversible photodegradation in AF455/PMMA and DO11/PMMA using
various experimental techniques over the past decade [12, 16, 50, 51, 53, 55–57].
1.3.1 Non-interaction model
Based on two photon fluorescence (TPF) measurements of reversible photodegra-
dation of AF455/PMMA, a simple model was proposed by considering a two
species system where the fresh sample and reversibly-damaged species, produced
under irradiation, convert into each other with a decay rate proportional to the
pump intensity and a constant recovery rate [12]. The same model was adopted
to explain ASE experimental results of DO11/PMMA by assuming that the
fresh dye emits ASE after excitation and returns to a vibronic or tautomer
ground state, then nonradiatively relaxes to the ground state of the fresh dye
or forms dimers with another tautomer that does not produce ASE. Recovery
is then characterized by a nonradiative decay of this long-lived dimer state to
the ground state consisting of fresh dye [51]. In these experiments, the decay of
TPF and ASE signals was observed to be a single exponential function, and
the decay rate was assumed to be proportional to pump intensity I thus being
denoted as αI. The recovery was observed to be a single exponential function
of constant recovery rate β. Therefore the rate equation can be written as
dnf (t)
dt
= −αInf (t) + β[1− nf (t)], (1.1)
where nf (t) is the fraction of fresh dye as a function of time, i.e. nf (0) = 1 for
a fresh sample. The solution of the rate equation is
nf (t) =
β
β + αI +
αI
β + αI e
−(β+αI)t. (1.2)
For the recovery process, I = 0, and the fraction of fresh dye is given by
nf (t) = 1− [1− nf (t0)]e−β(t−t0), (1.3)
with t0 being the time at which the laser is turned off.
This phenomenological model fits the experimental decay data in TPF
intensity of AF455/PMMA and ASE intensity of DO11/PMMA over a range
of pump intensities and recovery data in both studies. In the TPF study, it
was noticed that the recovery rate β obtained from fitting to decay process
(I 6= 0) is larger than that from fitting to the recovery process (I = 0), but
8 INTRODUCTION
both values appeared to converge at the limit of low pump intensity. The
larger β obtained from decay data was attributed to the heating effect under
irradiation, i.e. the recovery was accelerated at elevated temperatures. It was
also discussed in the ASE study that recovery could be governed by a barrier
process in which the reversibly-damaged species may return back to the pristine
dye. The recovery rate should increase at higher temperature, but there was
no available data except for preliminary results supporting the energy barrier
hypothesis mentioned in the study. However, the model given by Equation 1.2
and 1.3 simply describes the decay as a function of time and pump intensity
and recovery as a function of time without considering the effect of environment
such as temperature, dye concentration and polymer host.
In addition, Equation 1.2 regresses to exp (−αIt) for αI  β, i.e.
photodegradation only depends on αI, while recovery only depends on β.
Though this seems to qualitatively agree with the fast decay and slow recovery
observed in Figure 1.3, the long-time behavior of recovery exhibits a stretched
exponential function instead of a single exponential function as will be seen in
Chapter 8.
1.3.2 Correlated chromophore domain model
Based on additional quantitative studies of reversible photodegradation in ASE
intensity of DO11/PMMA at various sample temperatures and concentrations,
the correlated chromophore domain model (CCDM) was proposed which
describes the observations that an increase in temperature leads to a decrease
in recovery rate and an increase in concentration of dye leads to a decrease in
decay rate and increase in recovery rate [53, 55]. These observations and the
CCDM disagree with the energy barrier hypothesis discussed in the previous
study [51]. The CCDM was later modified to account for dose-dependent studies
using transmittance image microscopy (TIM), which monitors the change in
transmitted light [50]. The model assumed that domain formation of pristine
dye molecules, either mediated by polymer or dye aggregation alone [58, 59],
results in a decay rate in inverse proportion to domain size and a recovery rate
in proportion to domain size, and that the domain size is invariant, i.e. both
pristine and reversibly-damaged molecules are counted in the domain originally
formed by pristine dye, during decay and recovery at a constant temperature.
The condensation model proposed that pristine dye and the reversibly-damaged
species convert into each other, but that the rates depend on the domain size
which decreases with temperature and promotes self-healing. For a domain
including N dye molecules, the rate equation becomes
dn(t)
dt
= −αI
N
n(t) + βN [N − n(t)], (1.4)
where n(t) is the number of undamaged (fresh) dye molecules in the domain
and N −n(t) is the number of reversibly-damaged species at time t. Integrating
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Equation 1.4, we obtain the population of undamaged dye molecules as a
function of time
n(t) =
βN2 + [(βN + αIN )n(0)− βN2] exp[−(βN + αIN )t]
βN + αIN
, (1.5)
for a domain of size N . The population of undamaged dye molecules during
the recovery process can be obtained by integrating Equation 1.4 with I = 0,
n(t) = N + [n(t0)−N ]e−βN(t−t0). (1.6)
The observed ASE intensity and the transmittance are an ensemble sum of all
domains. The distribution of domains Ω(N) is derived from a grand canonical
partition function of a condensation model by minimizing the Helmholtz free
energy, yielding
Ω(N) = 1
z
[
(1 + 2ρz)− (1 + 4ρz)1/2
2ρz
]N
, (1.7)
where z = exp( µkBT ), µ is the energy required for a dye molecule to join a domain,
kB is the Boltzmann constant, T is the temperature and ρ = Σ∞N=1NΩ(N) is
the total number of dye molecules in the system [53, 55]. The total number of
undamaged dye molecules is then given by the ensemble average
n¯(t; ρ, T,N, I) =
∞
Σ
N=1
n(t;N, I)Ω(N ; ρ, T )
≈
ˆ ∞
1
n(t)Ω(N)dN, (1.8)
which can be experimentally measured.
In this model, domain size is determined by the competition between thermal
disorder and attractive forces between chromophores and/or between dye and
polymer; thus, domain size increases with increasing concentration of dye but
decreases with increasing temperature. As a result, the recovery rate decreases
as temperature increases, which is opposite to an energy barrier model as
discussed in the non-interaction model.
1.3.3 Further modifications on the CCDM
In previous models, it was assumed that the reversible photodegradation of
dye-doped polymer matrices is due to pristine dye molecules and reversibly-
damaged species converting into each other, which implies full recovery when
samples are allowed to recover for long enough time. However, full recovery was
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not always observed in ASE experiments. TIM experiments using a cw pump
laser showed partial recovery, which indicated the presence of both reversible
and irreversible species as decay products. The previous models only worked for
the condition that irreversible damage is negligible. It was also observed in TIM
measurements that an external electric field affects the kinetics of reversible
photodegradation of DO11/PMMA due to the interaction among the electric
field and dipole moments of fresh and damaged dye molecules and ions and
radicals as possible damaged products [16, 56]. The CCDM was further modified
by adding an irreversibly-damaged species, and taking into account the electric
field’s effect on the self-healing phenomenon [16, 57, 60]. The modified model
describes the same concentration and temperature effects as the CCDM does,
and it suggests that the external electric field breaks domains into smaller ones.
The mathematical expressions describing this model are rather complicated and
are not the focus in this work, so they are not presented here.
1.4 Issues and challenges
As mentioned in previous section, earlier studies on TPF from AF455/PMMA
and ASE from DO11/PMMA suggested an energy barrier process for self-healing,
but later studies using ASE and transmittance from DO11/PMMA led to the
CCDM whose behavior was opposite to the prediction of a barrier process.
There have been several inconsistent observations from previous and current
studies:
1. ASE and TPF decay was assumed coming respectively from pristine DO11
and AF455 molecules, and exhibited a single exponential decay function
even when ASE intensity decayed to about 20% of the initial intensity
[9, 12, 51, 53, 55]. The change in transmittance of DO11/PMMA for all
species during decay exhibited a fast and a slow decay process and was
attributed to reversible and irreversible decay products that are formed
at higher pump intensities [16, 57]. In current study of DO11/PMMA,
ASE intensity and transmitted pump beam are recorded simultaneously.
While ASE intensity exhibits a single exponential decay, the transmitted
pump intensity shows a non-exponential decay processes as discussed in
Chapter 8.
2. The ASE intensity of a 9 g/L DO11/PMMA sample recovers in about 30
hours to 90% of its initial value after about a 63% drop during degradation
when using a picosecond laser [9]. The ASE intensity from a DO11/PMMA
sample (concentration not specified) recovers to 90% in about 10 hours
after about a 70-80% drop from the initial intensity when irradiated with a
nanosecond laser [51]. Though the concentration of DO11/PMMA was not
indicated for the later case, ASE quenching was noticed at concentration
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higher than 9 g/L and the degree of recovery at 9 g/L was observed
to be better than at lower concentrations in the same paper; thus, the
concentration used for the recovery data in the later case was most likely
9 g/L.
3. The ASE intensity from a damaged DO11/PMMA sample recovered
as a single exponential function in some measurements with relatively
severe damage (ASE intensity reduced to about 20-37% of the initial
intensity) [9, 51]. However, the recovery of the ASE intensity in other
measurements with less damage ( ASE intensity dropped to about 75-80%
of initial intensity) fits best to a stretched exponential function which
can be clearly seen by comparing the single-exponential-like CCDM fit
[53] with the stretched exponential fit to the same ASE recovery data as
discussed in Chapter 8. The degree of recovery in the first 100 minutes
(approximately 50-60%) was found to be similar to that in the literature
[51], where the ASE intensity dropped to about 75% of initial intensity
after photodegradation, which suggests a similar stretched exponential
recovery curve though the recovery after 100 minutes was not shown.
The ASE intensity recovered fully in above measurements. Recovery in
transmittance of DO11/PMMA using the TIM technique was observed to
fit the single-exponential-like CCDM, which seemed to agree with ASE
recovery from relatively severely damaged samples, but the full recovery
was never observed [16, 50, 57]. Experiments using linear absorption
spectroscopy suggest a stretched-exponential partial recovery, which will
be presented in Chapter 8.
4. Measurements using the nonlinear optical process of ASE as a probe is
more sensitive than linear optical techniques [53] such as fluorescence
and transmittance. However, it was observed that even though the
ASE intensity from DO11/PMMA fully recovered after burning with a
nanosecond laser, a burn line was still visible under TIM as described in
the literature [16].
5. It was concluded from ASE experiments that DO11/PMMA is more
resistant to photodegradation at higher dye concentration, so the decay
rate decreases as dye concentration increases [50, 51, 53, 55], but,
experiments using linear absorption spectroscopy find the opposite
concentration dependence, which will be described in Chapter 8.
6. ASE experiments found no recovery from DO11 dissolved in dimethylfor-
mamide liquid solution [49]. Recovery was only observed in dye-doped
polymer matrices [9]. However, recovery of DO11 in liquid monomer
is observed using linear absorption spectroscopy, which is described in
Chapter 5.
These observations point to inconsistencies that need to be resolved. Secondly,
the underlying mechanism responsible for reversible photodegradation of dye-
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doped polymer matrices is not yet understood. However, the mechanisms
of orientational hole burning and diffusion have been ruled out. A
phenomenological model of the observations should be in agreement with the
underlying mechanism, and understanding the mechanism will help to determine
the kinetics of the self-healing phenomenon.
To investigate the underlying mechanism, our approach is to consider all
possible photodegradation processes and molecular species formed that can
recover or are irreversibly-damaged by reviewing similar systems and proposed
mechanisms in literature. From these, we select the most likely candidate
based on experimental data as described in Chapter 2. The experimental
techniques employed in this work are described in Chapter 3. Since a stretched
exponential time dependence of the undamaged population during recovery
has been observed using linear absorption spectroscopy, we revisit the diffusion
hypothesis, which was eliminated previously using only data that appeared
to show a single exponential recovery of population. An analysis is given in
Chapter 4. Reversible photodegradation studies of dyes dissolved in liquid
monomer solutions as probed with linear absorption spectroscopy are described
in Chapter 5, quantum chemistry calculations of the possible degraded species
are carried out in Chapter 6, and reversible photodegradation studies of the
dye-doped polymer matrix using Fourier transform infrared spectroscopy (FTIR)
are presented in Chapter 7.
With the better understanding of the possible underlying mechanism, we
then model the kinetics of the self-healing phenomenon. In addition to the
amorphous nature of polymers, ASE intensity measurements require the pump
laser to remain on, which could further damage a sample during recovery. Thus,
it is difficult to reproduce experimental results from run to run even under
identical experimental conditions. Although it is not possible to resolve all
inconsistent results obtained by various researchers using different methods of
probing the decay/recovery process, we have chosen to use the simple and reliable
method of linear absorption spectroscopy, together with ASE measurements, to
resolve some crucial issues such as the inconsistency between the observed single-
exponential-like and stretched exponential behavior of the recovery kinetics,
the temperature and concentration dependence of decay and recovery, and the
nature of the phenomenological model. These are described in Chapter 8.
Chapter 2
Proposed mechanism
Most research reported in the literature on 1-substituted aminoanthraquinone
derivatives focus on 1-Aminoanthraquinone (1AAQ) instead of DO11, the
molecule studied most extensively in our laboratory. However, there should be
no significant difference in photoinduced reactions between 1AAQ and DO11
with the same polymer host since the only difference between the two is a methyl
group. Indeed, reversible photodegradation has been observed from both dyes
doped in PMMA, as presented in Chapter 4, 6 and 8.
Anthraquinone exhibits a weak optical absorption band at 405 nm [61, 62],
with an extinction coefficient about 60 cm-1M-1 which is often undetected [62].
Aminoanthraquinones, however, possess moderate to strong absorption bands in
the visible region, which are absent in anthraquinone, and have been assigned to
intramolecular charge transfer (ICT) between the amine group and the carbonyl
groups [63, 64]. For example, DO11 dissolved in MMA is observed to show
an absorption peak at 471 nm with the extinction coefficient about 8 × 103
cm-1M-1 in our lab. It is noticed that the calculated electron density of 1AAQ
is also increased in the unsubstituted ring, in addition to the carbonyl groups,
at the first excited state relative to the ground state [62]. This indicates that
the carbonyl groups are not the only electron acceptors [62], which is consistent
with the results reported by Inoue et al. that the calculated electron density of
1AAQ at the first excited state is increased in the carbonyl groups, the center
ring and the unsubstituted ring, though they only mentioned the carbonyl
groups in the text [63]. This is also in agreement with the quantum chemistry
calculation conducted in this work as will be described in Chapter 6.
The absorbance of degraded 1AAQ/PMMA, DO11/PMMA and DO11/PS
is hypsochromically (blue) shifted and has decreased magnitude with respect
to that of fresh samples as presented in Chapter 4, 6 and 8; for example, the
degraded DO11/PMMA is observed to have an absorption peak at around 450
13
14 PROPOSED MECHANISM
nm with the extinction coefficient approximately 5.7× 103 cm-1M-1. If the ICT
in DO11 was completely disrupted due to photodegradation, the absorption
spectrum of the damaged species in the visible regime would result in that
similar to anthraquinone, which implies that the amplitude of the absorption
band of the damaged species would be reduced to about 0.75% of the fresh
DO11 spectrum, and the absorption peak would be hypsochromically shifted
to about 405 nm; however, this is not observed. The measured absorbance of
degraded aminoanthraquinones suggests that the ICT from the amine group to
the carbonyl groups, the center ring and the unsubstituted ring is partially but
not completely disrupted after photodegradation. Disruption of the ICT can
occur by breaking the conjugated path; or lowering the electron donating power
of the donor (by oxidation or protonation); or by lowering the electron accepting
power of the acceptors (by reduction, or deprotonation if possible). For the
concision of the text, we describe the ICT to be between the amine group
and the carbonyl groups in this dissertation, though there are in fact multiple
electron acceptors as described above. Note that “damage” (or “degradation”)
used in this dissertation is a phenomenological descriptor, protonation of the
amine is not really “damage”, but it stops the charge transfer.
Several photodegradation processes and molecular species formed that
can recover or are permanently damaged in systems of or similar to
aminoanthraquinones-doped polymer matrices have been observed or proposed
without observation [51, 58, 59, 65–69]. These mechanisms and possible damaged
dye species are discussed in this chapter to compare with the observed reversible
and irreversible photodegradation in this study. Studies on relaxation of
excited 1AAQ, thermal degradation of PS and PMMA, and photoinduced
damage in dye-doped polymer matrices are summarized based on a literature
survey. A possible mechanism responsible for the observed reversible and
irreversible photodegradation of 1-substituted aminoanthraquinones doped in
polymer matrices is proposed based on the literature survey, quantum chemistry
calculation and experimental results that test these hypotheses.
2.1 Reversible photodegradation of dye
2.1.1 Intramolecular Proton transfer (IPT)
Photoinduced IPT tautomerization was proposed as a possible mechanism by
Embaye et al. [51] This hypothesis posits that a DO11 molecule undergoes
photoinduced IPT tautomerization via the transfer of a proton from the amine
group to the adjacent carbonyl group to form a new O−H bond, leaving behind
an N−H bond as shown in Figure 2.1(a). This proton transfer leaves the
molecule in an excited IPT state that decays to the tautomer ground state by
emitting a photon. Since the excited state is long lived, an excited population
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Figure 2.1: (a) Photoinduced IPT tautomerization in DO11 and the mechanism
responsible for reversible photodegradation.(b) The corresponding energy level
diagram.
of tautomers can be stimulated to emit coherent light by the emission of the
photon. The ground state tautomer may then return to the ground state of the
original DO11 molecule via nonradiative decay. Alternatively, it can undergo
dimer formation with another tautomer or form a dimer via direct double
proton transfer between two DO11 molecules, perhaps primarily by pi-stacking
as shown in Figure 2.1(a). It is proposed that dimers do not contribute to ASE
by quenching any fluorescence, therefore they are the “degraded” species. The
sample heals when the higher energy dimers gradually return to the lower energy
individual DO11 molecules through nonradiative decay. The corresponding
energy level diagram is shown in Figure 2.1(b).
While some hydroxy- and amino-anthraquinones were observed to exhibit
excited-state intramolecular proton transfer (ESIPT) [70, 71], ESIPT was not
observed in others, including 1AAQ [71, 72]. Nagaoka and Nagashima explained
that ESIPT takes place for hydroxy- and amino-anthraquinones due to “the
deformation of the aromatic ring skeleton instead of the motion of the hydrogen
nucleus” [73]. The absence of ESIPT in 1AAQ is consistent with the visible
absorption band of 1AAQ originating from ICT rather than IPT [63, 72].
Despite the earlier studies showing no evidence of ESIPT from 1AAQ,
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dichroism of DO11 doped in PMMA was observed at room temperature
originating from keto-enol phototautomerisation, in agreement with the observed
photoinduced molecular reorientation [74], but at odds with the work of Embaye
et al., who observed no evidence of orientational hole burning [51].
Given the proximity of the proton between the amine group and the adjacent
carbonyl group, the tautomer structure could coexist with the structure of the
ground state of 1AAQ (and DO11). It could be represented also as “the internal
hydrogen bond present in the neutral molecule” as mentioned in the literature
[75]. Thus, IPT in 1-substituted aminoanthraquinones may not require being
photoinduced and the deformation of the aromatic ring skeleton. However,
earlier studies suggested that aminoanthraquinones exist only in the amino form
but not the tautomer structure [62].
2.1.2 Twisted intramolecular charge transfer (TICT)
Westfall and Dirk proposed TICT as being involved in reversible photodegra-
dation of DO11 [65]. The amine group of a DO11 molecule can twist out
of the molecular plane after photoexcitation as shown in Figure 2.2. The
TICT state is found to be a long-lived excited state so the recovery process
is associated with a relaxation from the TICT state to the ground state,
accompanied with fluorescence or phosphorescence. Comparing IPT with TICT
using semiempirical computational methods, they concluded that TICT is more
energetically favorable than IPT in the gas phase of DO11, but did not consider
solvent interactions, which can affect the result. However, phosphorescence is
not observed in DO11/PMMA during recovery as expected when a TICT state
is present.
However, the partial double bond (+)N−C ensures sp2 hybridization for the
nitrogen atom, which enforces both N−H to remain in the plane, and thus no
twist can be invoked. In other words, a twist requires a single bond. Therefore,
TICT state does not seem to be promising even though it is more energetically
favorable than IPT state.
Figure 2.2: TICT in DO11 upon photoexcitation.
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2.2 Reversible photodegradation of dyes in solvents
2.2.1 Anion formation
Reversible rhodamine dye anions were observed to form from photoreduction of
the triplet state of rhodamine by thiols in aqueous solution, and the stability
of the radical was ascribed to the delocalization of the free electron in a
conjugated system, i.e. rhodamine dye [76]. Anthraquinones are used in
industrial production of hydrogen peroxide (H2O2) [77]. Anthraquinones are
good oxidants accepting electrons through the electron accepting carbonyls
(C−O). With protons, the anthraquinone is reduced to anthrahydroquinons,
with C−OH rather than C−O, but this is not stable and is being regenerated
to the anthraquinone in the presence of air (O2) to produce hydrogen peroxide
[77]. In the other hand, anthraquinone anions were observed to be stable in
aqueous alkaline solutions for more than one year in the absence of air, and the
stability of the radical anion was attributed to the anthraquinone’s symmetrical
structure and to the delocalization of electrons [66].
Figure 2.3: Anion formation of DO11 doped in polymer matrix.
PMMA can be regarded as a Lewis base owing to the carbonyl oxygens being
basic (electron donor) sites [78]. It was also observed that DO11-doped PMMA
has a propensity for free and trapped charges [16, 56]. Therefore, the formation
of aminoanthraquinone anions in a polymer matrix could be a possible decay
product, perhaps being formed when a dye molecule captures a free electron,
an excited trapped electron, or an electron ejected by the polymer due to
energy transfer from excited dye molecules through nonradiative relaxation
[34, 79] as illustrated in Figure 2.3. Anions could gradually return to the
neutral state by ejecting extra electrons, thus recovering from photodegradation.
Measurements of photodegradation and recovery in the presence of an applied
electric field suggests that a charged species may be involved [16, 56, 57],
supporting the hypothesis that a charged or polarizable species is formed during
photodegradation.
Alternatively, aminoanthraquinones are basic, and the -NH2 electron
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donating group can accept a proton becoming -NH3(+) [62, 75]. The protonated
base results in a positively charged dye species. It is known that the protonated
1-substituted aminoanthraquinones are practically colorless [62], which can
be understood since the ICT, which causes the visible absorption band, is
disrupted due to the electron donor losing the electron donating power. Since
the visible absorption band is still observed for degraded dye species, protonation
is eliminated from the responsible mechanisms for reversible and irreversible
photodegradation in 1-substituted aminoanthraquinones-doped polymers.
2.2.2 Domains
Hydrogen bonding between DO11 molecules or DO11 tautomers and the PMMA
polymer were proposed to be responsible for domain formation [58, 59]. As
described in Chapter 1, domains, which are hypothesized to drive recovery
after photodegradation of DO11/PMMA in the correlated chromophore domain
model (CCDM), might be associations of molecules along a common polymer
chain held in place by hydrogen bonding between the amine group of DO11
and the carbonyl groups in PMMA, and/or between N−H and O−H of the
DO11 tautomer and carbonyl groups in PMMA as illustrated in Figure 2.4.
In this hypothesis, DO11 molecules and tautomers may co-exist; or, only one
species exists in the pristine state. In either case, the tautomer is not considered
to be a degraded product. The predicted hydrogen bond energy between a
DO11 tautomer and PMMA, 0.30 eV, is within experimental uncertainty of the
chemical potential determined from a fit of the data using the CCDM, 0.29±0.01
eV (28±1 kJ/mol), though the bond energy could differ due to the environment,
making it possible that other types of aggregation might be responsible for
Figure 2.4: Domain formation of DO11 tautomer doped in PMMA. Dashed
lines indicate hydrogen bonds.
REVERSIBLE PHOTODEGRADATION OF DYES IN SOLVENTS 19
domain formation [50, 53]. Nonetheless, domain formation is independent from
the CCDM which is a kinetic model describing the reversible photodegradation
of dye-doped polymer using the concept of domains.
Photodamage involves fragments dissociated from the parent dye molecules
and/or tautomers after photoexcitation. Healing is the recombination of a
damaged fragment and its counterpart, where the polymer keeps the damaged
fragments in close enough proximity to increase the likelihood of recombination.
Therefore, domains mediate the healing process.
2.2.3 Photochemical reaction between dye and solvents
Cycloaddition is a reaction in which unsaturated molecules (or parts of an
unsaturated molecule) combine and form a cyclic adduct (see Figure 2.5).
Photocycloaddition of 1AAQ to olefines was observed by visible light irradiation
provided by an optically filtered (λ > 420 nm) 300 W high-pressure mercury
lamp at 0 ◦C [67, 68]. Olefines are unsaturated hydrocarbon molecules, including
dienes and styrene which is one of the molecules examined in the literature.
Dienes are hydrocarbon molecules containing two carbon-carbon double bonds.
It was proposed that the carbonyl group adjacent to the amine group of
1AAQ reacts under exposure of visible light as illustrated in Figure 2.5 with a
diene (or olefine) to form the corresponding oxetane, which is a ring structure
composed of one oxygen and three carbon atoms. The structures of some
reaction products were confirmed by IR, NMR, and mass spectroscopy [67, 68].
Although there was no reaction observed between 1AAQ and monoenes, which
are hydrocarbon molecules containing one carbon-carbon double bond such as
methyl methacrylate (MMA, the monomer of PMMA as shown in Figure 1.2),
the reason was not mentioned in the literature [67, 68].
Figure 2.5: Reversible photocycloaddition of 1AAQ with a diene.
A possible explanation is that the light source used in the experiment did not
provide enough intensity to show a measurable reaction rate, but if the solution
is irradiated with a higher-powered light source such as a laser, the reaction
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rate might be increased above the detection threshold. Another hypothesis
is that the visible light source did not provide enough energy to overcome
the activation energy for photocycloaddition of 1AAQ with monoenes at 0 ◦C.
However, when irradiating the solution with a more intense light source such as
a laser, the energy density in the vicinity of the irradiated dye molecules might
be temporarily high due to nonradiative relaxation of excited dye molecules,
thus, overcoming the activation energy of photocycloaddition. As pointed out
in the beginning of this chapter, there should be no significant difference in
photoinduced reactions between 1AAQ and DO11 in the same environment.
Thus, photocycloaddition is likely to occur between DO11 and styrene and
also between DO11 and MMA when exposed to a laser. The structures of
photocycloaddition products between DO11 and styrene and DO11 and MMA
are shown in Figure 2.6.
Figure 2.6: First row: Proposed reversibly-damaged DO11 biproducts made
by photocycloaddition with MMA (left) and styrene (right). Second row:
Illustration of possible irreversibly-damaged DO11 species.
Photocycloaddition was proposed to involve excited complex (exciplex)
formation between an excited ICT state of 1AAQ and an olefine [69]. The
photocycloaddition was unaffected by oxygen, and the reaction products were
unstable in an environment of carbon dioxide, acid, light, and heat [67, 68].
IRREVERSIBLE PHOTODEGRADATION OF A DYE-DOPED POLYMER 21
Most importantly, the reaction products were found to gradually decompose
into other compounds including 1AAQ itself at 30 ◦C [67]. The return of
1AAQ from the photocycloaddition products could be the recovery process
observed in 1AAQ-doped polymer matrices if photocycloaddition occurs between
1AAQ (or DO11) and the polymer hosts or fragments of thermally degraded
polymers, including depolymerized monomers due to locally accumulated heat
via nonradiative relaxation of excited dye molecules. Compounds decomposed
from photocycloaddition products other than 1AAQ (or DO11) would be the
irreversibly-damaged species. This hypothesis, when applied to PMMA (with
MMA being the depolymerized monomer), does not involve the two carbon-
carbon double bonds, or a conjugated system, as is clear from the results and the
proposed mechanism for styrene [67–69]. This implies that the same mechanism
[69] might be valid for olefines in general, including MMA, and not restricted to
dienes or a conjugated system. The possibility of thermal degradation of doped
polymers will be discussed in Section 2.3. Some possible irreversibly-damaged
DO11 species are illustrated in Figure 2.6.
We attribute the reversible photodegradation to photocycloaddition in this
dissertation since it has be observed in similar systems in the literature as
described above. However, before verifying the structure of reversibly-damaged
dye species, we should not exclude the possibility that other (photo)chemical
reactions, instead of photocycloaddition, take place between 1AAQ (or DO11)
and thermally degraded polymers resulting in a metastable product which can
gradually return to the fresh dye molecule. The important point is that the
(photo)chemical reaction occurs due to the availability of thermally degraded
polymers.
2.3 Irreversible photodegradation of a dye-doped
polymer
Isosbestic points are found in an absorption spectrum when one species
converts into another one. When one species converts into two other species,
each at a different rate, isosbestic points are found under the following
conditions: one species does not exhibit an absorption band overlapping
with the other two in the wavelength range of interest; or, two of the three
species possess the same absorption spectrum in the measured wavelength range.
The approximate absorption spectra of irreversibly-damaged DO11/PS and
DO11/PMMA requires exposing samples to laser radiation for long enough
time so that the absorbance no longer changes, and the resulting peaks are
blue shifted and reduced in magnitude relative to the absorption spectra of the
fresh sample. Thus, reversibly-damaged DO11 species either has no absorption
peak overlapping with both fresh and irreversibly-damaged species in the visible
wavelength range, or has the same absorption spectrum as that of fresh or
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Figure 2.7: Absorption spectra of a 9 g/L DO11/PS thin film sample taken
before (0 min) and after 90 minutes (90 min) of irradiation using a 532 nm
wavelength cw laser with intensity 35.0 W/cm2. The visible absorption band of
pristine DO11 (0 min) is due to the ICT from the amine group to both carbonyl
groups, the center ring and the unsubstituted ring as illustrated with thick
green lines, and that of a possible irreversibly-degraded DO11 species (90 min)
indicates partial ICT path remaining. The electron density of pristine DO11
and damaged species is calculated in Chapter 6 and plotted in Appendix B.
irreversibly-damaged species. Details about the absorption spectra of reversibly-
and irreversibly-damaged species are discussed in Chapter 6 and Appendix A.
IPT, TICT, or anion formation do not produce an irreversibly-damaged dye
species, i.e. these mechanisms suggest full recovery from photodegradation;
thus, there must be another pathway to irreversible photodamage. Irreversible
photodegradation of dye-doped polymer matrices could originate from the
decomposition of pristine dye, decomposition from the reversibly-degraded
dye species, or, photochemical reactions between dye and polymer. As
described in the beginning of this chapter, the absorption band of 1-substituted
aminoanthraquinones in the visible wavelength region is due to the ICT from the
amine group to the two carbonyl groups, the center ring and the unsubstituted
ring as illustrated in Figure 2.7 for pristine DO11/PS. The presence of a
visible absorption band in the irreversibly-damaged DO11 species suggests
that the ICT path is partially damaged as illustrated in Figure 2.7 for a
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possible irreversibly-damaged DO11 species from photodegraded DO11/PS. The
complication of having two mechanisms responsible for reversible and irreversible
photodegradation with the simultaneous requirement that the absorption spectra
of three species match in a way that the isosbestic points are present makes
these three (reversible photodegradation) hypotheses unlikely. Indeed, quantum
chemistry calculations exclude the IPT and anion formation hypotheses as will
be described in Chapter 6, and the absence of phosphorescence during recovery
after photodegradation in 1-substituted aminoanthraquinones-doped PS and
PMMA eliminates the TICT hypothesis. On the other hand, domain formation
or photochemical reaction between dye and polymer are viable hypotheses
that provide an explanation for reversible and irreversible photodegradation in
dye-doped polymers.
As described in Section 2.2.2, photodegradation of dye may be caused by
decomposition of pristine dye molecules or tautomers following photoexcitation,
and recombination of the decomposed fragments is assisted by the domain in
which they reside. Nonetheless, the incident photon energy alone (2.33 eV and
2.54 eV used in this study) is insufficient to break the chemical bonds of an
aminoanthraquinone molecule in vacuum. For example, the lowest average
single bond energy in 1AAQ is 3.1 eV (300 kJ/mol) for C−N [80]. Therefore,
decomposition of dye molecules is most likely mediated by local heating via
nonradiative relaxation of photoexcited dye molecules. Nonradiative relaxation
process can also transfer the absorbed photon’s energy to the polymer causing
damage. The damaged dye and polymer, which may contain radicals and/or
ions, might react with each other to cause irreversible photodegradation of the
dye.
As will be discussed in Chapter 7, the molecular structure of 1AAQ is
confirmed from FTIR measurements and both the reversibly- and irreversibly-
damaged products are associated with a change of the infrared (IR) peak
attributed to the C−O group adjacent to the amine group, which is absent
in the tautomer structure. 1AAQ (or DO11) and its tautomer may exhibit
different absorption spectra, decay rates and recovery rates; thus, an isosbestic
point during decay and recovery would be absent if both species were present
in the fresh sample. It is possible that a domain is formed by interaction
between pristine 1AAQ (or DO11) and PMMA, though the hydrogen bond
energy is inconsistent with the chemical potential determined from previous
ASE and TIM studies [50, 53] which agrees with the hydrogen bond energy
between 1AAQ (or DO11) tautomers and PMMA as mentioned in Section 2.2.2.
However, the local environment could change these energies, so the observation
alone does not definitively rule out hydrogen bonding.
Recall that the CCDM predicts that the decay rate decreases as the
concentration of dye increases, which contradicts the observation that will
be described in Chapter 8. We posit that if reversible and irreversible damage of
the dye is due to local heating, a sample with higher dye concentration should
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decay faster due to a greater rate of heat accumulation around the dense regions
of dye molecules, which is consistent with the observation in Chapter 8, but at
odds with the CCDM.
The further decomposition from the products of photocycloaddition between
dye and solvents as described in Section 2.2.3 provides another possible
channel of irreversible photodegradation. Local heating due to nonradiative
relaxation of photoexcited dye molecules could cause thermal degradation of
the polymer in the vicinity of the excited dye molecules, resulting in generation
of monomers, radicals and other thermally degraded polymer segments. Thus,
photocycloaddition between 1AAQ (or DO11) and monomers becomes feasible
when exposing 1AAQ- (or DO11-) doped polymers to light. As presented for
DO11 in Figure 2.6, all reversibly- and irreversibly-damaged species involve
breaking the carbon-oxygen double bond adjacent to the amine group and both
carbon and oxygen atoms single-bonded to other components. Therefore, only
the other carbonyl group remains as the electron acceptor of ICT in damaged
species, which implies that all reversibly- and irreversibly-damaged DO11 species
have the same visible absorption band.
Both hypotheses of domains and a photochemical reaction between dye
and solvents are compatible with local heating through nonradiative relaxation
of photoexcited dye, which causes the decomposition of dye molecules (the
hypothesis of domains) and/or polymer scission (both hypotheses), resulting
in both reversible and irreversible photodegradation of dye-doped polymer
matrices. The fluorescence quantum yield of 1AAQ in several organic solvents
was reported to be less than 10% [81, 82]. Thus, in 1AAQ, most of the absorbed
photon energy is lost via nonradiative relaxation, leading to an accumulation
of heat centered on the 1AAQ molecule. This local buildup of heat can cause
decomposition of chemical bonds even when an individual photon’s energy is
too low to break a bond.
Thermal degradation of polymers has been studied extensively for several
decades, and the dominant products of thermal degradation of PS and PMMA
are known to be their monomers, styrene and MMA, respectively [83–85].
Mechanisms of thermal degradation such as depolymerization, scission of side
chains, and dissociation of the polymer backbones take place depending on
the environment, temperature, molecular weight, chain end groups, chain
configuration, polymerization condition etc. [83–97] As such, the activation
energy of thermal degradation can vary greatly. It is generally found to be
between 1.87 eV and 3.34 eV for PS in an inert atmosphere or vacuum [86], and
from 1.23 eV to 3.55 eV for PMMA in an inert atmosphere [85, 87–89, 92, 94–96].
The photon energies of lasers used in this study are 2.33 eV and 2.54 eV, which
are within the reported range of activation energies for thermal degradation of
PS and PMMA.
Photoinduced damage in dye-doped polymer matrices has been studied in
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various systems for different applications [98–107]. Sensitized photodegradation
and photooxidation of polymers can be induced by photoinitiators, in which
polymer degradation or oxidation can be initiated by free radicals originating
from photodegradation of sensitizers; or by photosensitizers, in which excited
sensitizers transfer energy to the polymer or oxygen to initiate photodegradation
or photooxidation [98]. Studies on photooxidation or photodegradation of
various sensitized polymers have been reported including sensitized PS [98–101]
and sensitized PMMA [102, 103]. Laser ablation of polymers can be induced
with the assistance of photosensitizers using visible lasers at wavelengths of
351 nm [104], 488 nm [105], and 532 nm [106]. Fukumura et al. proposed
that the photon energy absorbed by anthracene, the sensitizer, is converted
into thermal energy in PS, the polymer host, causing thermal decomposition
[104]. In a study of photodestruction of a solid-state dye laser composed of
Rh6G-chloride dye doped in a modified PMMA gain medium, Popov attributed
photobleaching of excited-state dye molecules to the permanent degradation of
the lasing efficiency, and assigned the formation of carbon (char) in the polymer
matrix to the polymer decomposition due to accumulated heat transferred from
photoexcited dye molecules via direct vibrations and nonradiative relaxation of
their singlet levels [107].
2.4 Proposed mechanism
Given the above reasoning that is guided by observations, we propose that a
series of photothermal-induced chemical reactions (PTCR) between dye and
polymer is a potential mechanism responsible for reversible and irreversible
photodegradation of 1AAQ (and DO11) doped in PMMA and PS as follows:
1AAQ (and DO11) undergoes intramolecular charge transfer (ICT) when
excited with visible light, and the absorbed photon energy can be transferred to
a nearby polymer chain via nonradiative relaxation of the excited ICT singlet
states. The transferred energy locally heats the polymer around the excited
dye molecules, which leads to thermal degradation of the polymer including
depolymerization, scission of side chains, and dissociation of polymer backbones.
Since monomers are the major products of thermally degraded polymers (PS
and PMMA), an excited dye molecule can undergo photocycloaddition with a
monomer in its vicinity to form the reversibly photodegraded dye species. In
addition to monomers, there are other decay products such as ·CH3, ·COOCH3,
·phenyl, and polymer chain radicals etc. which can attack ground- and excited-
state dye molecules and reversibly-damaged dye species causing irreversible
damage to dye molecules. While reversibly degraded dye species may gradually
recover back to the original dye molecule with a monomer left behind in the
polymer matrix, it may also further decompose to an irreversibly-damaged dye
species or dye radicals and other fragments of radicals. Thus, the “recovered”
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Figure 2.8: PTCR in DO11/PMMA. The asterisk indicates photoexcited
DO11 or heated PMMA through nonradiative energy transfer from excited
DO11. Reversible and irreversible degradation in DO11 starts after thermal
degradation of PMMA (step (3)). Non-radical segments can also undergo
thermal degradation similar to step (2) and (3) resulting in radicals. The
reversibly-damaged species may undergo recovery (back reaction of step (4)) or
decompose into irreversibly-damaged species and radical segments (step (4’)).
“irr1” and “irr2” are possible irreversibly-damaged dye species illustrated in
Figure 2.6. There can be other irreversibly-damaged dye species depending on
DO11’s nearby radicals and polymer segments.
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and thermally degraded monomers and radical fragments can react with each
other or with decomposed polymer fragments, polymer chains and unsaturated
polymer chain ends causing recovery of the polymer or changes in the polymer
including the formation of small molecular weight polymer chains, cross linked
polymer chains, and perhaps new species of polymer segments and chains.
In the PTCR hypothesis, dye undergoes (photo)degradation after the thermal
degradation of polymer chains. The reversible degradation of dye requires at
least two photons initially, but there can be multiple monomers available in
the vicinity of dye molecules once the degradation of the polymer starts, so
the reversible degradation of dye does not necessarily require two photons in
average. On the other hand, the irreversible degradation of dye may be caused
by radicals produced from at least one photon induced thermal degradation
of the polymer. An illustration of PTCR is shown in Figure 2.8. We examine
this proposed mechanism with all results obtained from linear absorption
spectroscopy, quantum chemistry calculations and FTIR spectroscopy in this
dissertation.

Chapter 3
Experimental Techniques
In this chapter, we describe details of sample preparation for experimental
methods employed in this study including amplified spontaneous emission
(ASE), linear absorption spectroscopy and Fourier transform infrared (FTIR)
spectroscopy, followed by the basic principle and experimental setup of each
experimental technique. ASE only occurs in pristine dyes and is a nonlinear
process which will be described in this chapter, so it is the most sensitive
method to measure population of pristine dyes. However, ASE requires a
pump laser beam which may further damage the sample during recovery. As a
consequence, ASE results are difficult to reproduce from run to run even under
the same condition. Linear absorption spectroscopy requires a broad band white
light source which is much weaker than a pump laser, therefore it is a more
reliable method than ASE. FTIR spectroscopy is used to determine whether
dissociation and formation of chemical bonds in dye molecules and polymer
chains are involved in photodegradation and recovery of dye-doped polymers.
3.1 Sample preparation
1-Aminoanthraquinone (1AAQ) and 1-Amino-2-methylanthraquinone (DO11)
with a purity of 97% and 95%, respectively; and methyl methacrylate (MMA)
and styrene were purchased from Aldrich. MMA and Styrene were purified
using two column flasks (one for each) filled with alumina powder to remove
the inhibitors that prevent polymerization in the monomers. Commercially
available PMMA (MW = 120, 000) purchased from Aldrich was also used in
this study. Structures of dye molecules are shown in Figure 1.1, and that of
monomers and polymers are shown in Figure 1.2.
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3.1.1 Dye in monomer liquid samples
Appropriate proportions of dye and filtered monomer were mixed in a vial to
make the desired concentration and sonicated for 30 to 60 minutes. The solution
was subsequently filtered using 0.2 µm syringe filters and stored in the dark.
All experiments using liquid samples were performed within 72 hours after the
solutions were filtered.
3.1.2 Thin-film samples prepared from monomer
To make dye-doped PMMA samples, dye and purified MMA monomer were
mixed in proportions to obtain the desired dye concentration and were sonicated
for 30 minutes. After sonication, both butanethiol (chain transfer agent, CTA)
and tert-butyl peroxide (initiator, INT) were added to the solutions in the
proportion of 3.3 µl per ml MMA, and were sonicated for another 30 minutes.
The sonicated solutions were filtered with 0.2 µm syringe filters and placed
in an oven at 95 ◦C to initiate the polymerization reaction for at least 2 days
resulting in dye-doped polymers. An appropriate volume of polymerized sample
was pressed between two 2.5 cm × 2.5 cm glass substrates at 140 ◦C (well above
the glass transition temperature where the polymer flows) with an uniaxial
pressure of 110 ± 10 psi for 90 minutes to make a thin film. The pressure is
gradually reduced while the sample is slowly cooling at an average rate about
1.5 ◦C/min.
For dye-doped PS samples, the same procedure as described above was used
with 4.2 µl of INT added to 1 ml of styrene. The filtered solutions were placed
in an oven at 95 ◦C for 4 days for complete polymerization. The glass transition
temperature of dye-doped PS samples is lower than dye-doped PMMA samples,
so the temperature for pressing thin films was reduced to 120 ◦C.
Thin-film samples obtained by this method have thicknesses in the range of
20 - 120 µm depending on the volume of polymerized sample pressed between
glass slides.
3.1.3 Thin-film samples for Fourier transform infrared (FTIR)
spectroscopy
Appropriate amounts of dye and PMMA in the desired ratio were dissolved
into a solution composed of 33% γ-butyrolactone and 67% propylene glycol
methyl ether acetate (PGMEA) with 10% solutes and 90% solvents by weight.
The solution was stirred for 2 to 3 days to dissolve the dye and polymer, then
filtered with a 0.2 µm syringe filter. The filtered solution was then spin-coated
on a 2.5 cm × 2.5 cm glass substrates at 600 rpm for 90 seconds for performing
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experiments using linear absorption spectroscopy. The filtered solution was
also spin-coated on a 2.5 cm × 2.5 cm silicon wafer at 3000 rpm for 50 seconds
for performing FTIR experiments. All spin-coated samples were stored in a
vacuum oven at 100 ◦C for 90 minutes; then, the heater was turned off and the
samples were kept in vacuum over night.
3.2 Amplified Spontaneous Emission (ASE)
3.2.1 Basic principle
In this section, we discuss the basic principles of spontaneous emission and
ASE following the treatment in the book “Lasers” written by A. E. Siegman
[108]. This treatment is based on a classical electron oscillator model, but the
practical characteristics of ASE can be equally applied to a complex (molecular)
system.
Consider a point electron with mass m and charge −e revolving around the
nucleus in an atom. The displacement x (t) of the electron from its equilibrium
position is linearly proportional to the electric force F exerted on the electron
by the nucleus
F = −Kx (t) , (3.1)
and the corresponding potential U is
U = 12Kx
2 (t) , (3.2)
where t is time and K is the force constant.
The equation of motion for the electron subjected to an applied electric field
ξx (t) due to the incident light wave is given by
m
d2x (t)
dt2
= −Kx (t)− eξx (t) . (3.3)
By defining the oscillator’s resonance frequency ωa ≡
√
K/m, Equation 3.3 can
be expressed as
d2x (t)
dt2
+ ω2ax (t) = −
e
m
ξx (t) . (3.4)
The resonance frequency of the oscillator is equivalent to the electronic transition
frequency of the atom. For example, ω12 = (E2 − E1)/~ with En being the
energy of the nth eigenstate of the electron in the atom.
The oscillator in a real atom can release the energy after excited by the
incident light, hence a damping term should be added to the equation of motion,
d2x (t)
dt2
+ γ dx (t)
dt
+ ω2ax (t) = −
e
m
ξx (t) , (3.5)
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where γ is the damping rate for this oscillator. The solution of Equation 3.5
without the applied electric field (during relaxation) is given by
x (t) = x (0) exp
[(
−γ2 + iωb
)
t
]
, (3.6)
where ωb =
√
ω2a − (γ/2)2 ≈ ωa since the damping rate is much smaller than
the resonance frequency as we will see in the later discussion. The energy of
the oscillator can be written as
U (t) = 12K |x (t)|
2 + 12m |vx (t)|
2
= U (0) exp (−γt)
≡ U (0) exp (−t/τ) , (3.7)
where vx (t) is the velocity of the electron, τ ≡ γ−1 is the energy decay time
constant of the oscillator and γ is also the energy decay rate of the oscillator.
For a real atom or molecule in the excited state, energy can be released by
emitting a photon, which is called spontaneous emission or fluorescence; or, it
can be transferred to the surroundings via nonradiative decay such as heat or
inelastic collisions with surrounding materials. Note that we consider only the
singlet to singlet electronic transition, i.e. the singlet to triplet transition is
not under consideration here. Thus, the energy decay rate is the sum of the
radiative decay rate γrad and nonradiative decay rate γnr,
γ = 1
U
dU
dt
= γrad + γnr. (3.8)
The radiative decay rate for an electron oscillator can be calculated using
classical electromagnetic theory. The sinusoidally oscillating electron radiates
electromagnetic energy in the same way as an oscillating dipole antenna, and
the total power radiated by a sinusoidally oscillating dipole µx (t) = µ0 cos (ωat)
is given by
P = ω
4
aµ
2
0
12piv3 , (3.9)
where µ0 = ex0 is the dipole moment of the electron oscillator at the equilibrium
position x0,  is the permittivity and v is the speed of light in the material
[109]. Using Equation 3.8, 3.9 and U = 12mω2ax20 for an electron oscillator, the
radiative decay rate is obtained as
γrad =
ω2ae
2
6pimv3 , (3.10)
assuming no nonradiative decay. Equation 3.10 can be re-arranged using the
refractive index n = c/v, with c being the speed of light in vacuum, and the
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frequency of oscillation f = 2piωa measured in Hz,
γrad =
2pie2
3mc3n
3f2. (3.11)
The radiative decay rate of a classical electron oscillator has a value γrad ≈ 108
s-1 when excited by visible light with ωa ≈ 4× 1015 s-1.
The spontaneously emitted light can be amplified from a distribution of
excited molecules in a state of inverted population with a gain that is sizable in
the direction of other excited molecules, hence the medium acts as a mirror-less
laser. Consider a long slender rod of excited molecules of length L and diameter
2a as illustrated in Figure 3.1. Each small volume of the slender rod emits
photons into all directions due to spontaneous emission. Assuming for simplicity
that there is no non-radiative decay and the inverted population density is N ,
the total emitted power per unit volume is given by Nγrad~ωa.
z=0
z
z=L
dz
2a
Figure 3.1: Amplified spontaneous emission generated along a slender rod.
When L a, the contribution to the intensity of spontaneous emission dI
at the output end of the rod at z = L from any small length dz at z is
dI = pia
2
4piL2Nγrad~ωa exp [2αm (L− z)] dz, (3.12)
where 2αm = Nσm is the power amplification coefficient of the material, and
σm is the transition cross section. The total intensity of ASE exiting the rod to
the right can be approximated by integrating Equation 3.12 over the entire rod
IASE ≈ a
2
4L2Nγrad~ωa exp (2αmL)
ˆ L
0
exp (−2αmz) dz
≈ a
2γrad~ωa
4σmL2
[exp (NσmL)− 1] . (3.13)
Notice that the ASE intensity is an exponential function of population density,
not a linear function as in fluorescence.
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3.2.2 Experimental method - ASE
The experimental setup that we use to measure ASE is schematically shown in
Figure 3.2. An Nd:YAG nanosecond laser with fundamental wavelength 1064
nm and 10 Hz repetition rate is used to pump a second harmonic crystal that
generates the 532 nm light that is used for the photodegradation and recovery
experiment. The fundamental 1064 nm beam is removed with a set of dichroic
mirrors after the second harmonic crystal. The pump beam is focused with
a cylindrical lens onto a dye-doped polymer thin-film sample such that the
horizontal excitation line is perpendicular to the vertically polarized pump beam
Figure 3.2: ASE experimental setup. Both polarizers allow vertically polarized
pump beam to pass. SHG is the second harmonic generation crystal, DM is
a set of dichroic mirrors, HWP is a half-wave-plate, CL is a cylindrical lens,
L is a set of convex lens, LP is a longpass filter, A/D is the analog-to-digital
converter, PD1 to PD4 are photodetectors, and the dashed line is a black box
to block strong scattering light. PD1 collects the scattered pulsed laser light to
trigger ADC. PD2 monitors the intensity of the pump beam. PD3 collects ASE
signal. PD4 collects the transmitted pump laser light.
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to yield dipole radiation along the excitation line, thus generating ASE with
maximum efficiency as shown in Figure 3.3. ASE is collected from one edge of
the thin film and the signal is sent to an analog-to-digital converter (ADC) and
recorded by computer. An ADC gate is controlled by a pulse generator which
is triggered by the photodetector PD1. A small portion of the pump beam
is directed to the photodetector PD2 by a glass slide and monitored by the
computer to ensure a constant pulse energy by controlling the half-wave-plate.
The components within the dashed rectangle in Figure 3.2 thus stabilize the
laser power.
Figure 3.3: ASE generated by a pulsed laser beam with wavelength 532 nm
focused with a cylindrical lens onto a dye-doped polymer thin-film sample. The
excitation line is perpendicular to the polarization of the pump beam to yield
ASE along the excitation line with maximum efficiency.
3.3 Linear Absorption spectroscopy
3.3.1 Lambert-Beer law
The absorption of light by matter can be described by the Lambert-Beer law,
which states that the absorbance is proportional to the concentration c and the
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thickness l of a sample,
A (λ) = ε (λ) cl, (3.14)
where A is the absorbance, λ is the light wavelength and ε is the absorptivity
which is a proportionality constant at each wavelength. Absorbance is defined
as the logarithm of the ratio of incident light intensity I0 and transmitted light
intensity I,
A (λ) = log I0 (λ)
I (λ) = − log
I (λ)
I0 (λ)
. (3.15)
Thus, the transmitted light intensity can be expressed as
I (λ) = I0 exp [− (ln 10) ε (λ) cl] = I0 exp [− (ln 10)σ (λ) l] , (3.16)
where σ (λ) = ε (λ) c is the absorption cross section.
Each distinct molecule has its own characteristic absorption spectrum due to
the unique molecular electronic transitions in each. The absorption spectrum of a
sample can be obtained by measuring the incident and transmitted light intensity
according to Equation 3.15. When a molecule converts into another species, the
absorption spectrum changes accordingly, hence we can monitor the conversion
between species through the absorption spectrum. Note that when c and ε
depend on depth, e.g. during photodegradation, A (λ) =
∑
li
ε (λ,∆li) ci∆li.
3.3.2 Experimental method - linear absorption spectroscopy
The experimental set up is shown in Figure 3.4. A cw argon ion laser or a
cw solid state laser were used to provide pump beams at wavelengths 488
Figure 3.4: Experimental set up. The pump beam comes from a cw laser and is
expanded 5 times in diameter. The dashed line represents the pulsed laser beam
focused with a cylindrical lens onto the sample. (cw) CW Laser. (b) 5× beam
expander. (c) Shutter. (d) Beam dump. (w) White light source. (f) Optical
fiber. (e) Spectrometer. (l) Convex lens. (cl) Cylindrical lens. (s) Sample. (lp)
longpass filter. (p) Photodetector.
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nm and 532 nm, respectively, to cause the photodegradation of dye/monomer
solutions and dye-doped polymers. Two light sources were used for absorption
measurements: an Ocean Optics PX2 Xenon pulsed lamp and an Ocean Optics
LS1 tungsten halogen lamp. The spectrometer was an Ocean Optics SD2000.
ASE was generated by pumping the sample with a 532 nm nanosecond pulsed
laser and utilized as a probe. The detailed ASE set up is shown in Figure 3.2.
Figure 3.5 illustrates the overlap of pump and probe beams on the sample.
7.5 mm
0.6 mm
5 mm
Figure 3.5: Illustration of the cross sections of pump (green disk) and probe
(white disk) beams at the sample. The 532 nm cw laser was expanded to a
diameter of 7.5 mm. The white light source was focused to 0.6 mm in diameter.
The pulsed laser was focused to 60 µm (red line ) in width and centered on the
masked glass substrate with a 5 mm wide open window.
Both angles between the cw pump beam and the normal of the glass substrate
and from the white light path to the normal of the glass substrate were about
15◦. The 532 nm pump laser beam passed a 5× beam expander so the 1/e
diameter becomes 7.5 mm. The 488 nm cw laser beam was not expanded and
the 1/e diameter was 1.23 mm. The focus of the white light had diameter 0.6
mm. The white light probe was centered on the cw pump beam at the sample.
Both cw laser beams had much larger diameters than the white light, so the
pump intensity is approximately a constant at the point of peak intensity. The
sample was mounted on a translation stage so we could re-take the reference
spectrum through air in proper time intervals during recovery to ensure the
change of absorbance is not due to drift of the white light intensity.
While the cw laser is causing photodegradation in the sample, the absorption
spectra and ASE signals are recorded with the pump laser temporarily blocked.
After the desired irradiation time for photodegradation, the cw laser was turned
off and absorption spectra and ASE signals were recorded in preset time intervals
to monitor recovery. The pulsed laser was blocked when ASE was not being
measured.
A thin mask was stuck on the surface of the glass substrate with an open
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aperture of 5mm in width and centered on the pump beam to ensure the ASE
light was generated from a uniformly damaged/recovering area of the sample.
When ASE measurements were not performed, the sample surface was oriented
perpendicular to the white light path, and the cw laser beam replaced the path
of the pulsed laser beam.
3.4 Fourier transform infrared spectroscopy
3.4.1 FTIR spectrometry
In this section, the basic principle of FTIR spectrometry is introduced following
the book “Fourier Transform Infrared Spectrometry” written by Griffiths, P.
R. and de Haseth, J. A. [110] The basis of FTIR spectroscopy is the Michelson
interferometer as schematically shown in Figure 3.6. It consists of a beam
splitter and two mutually perpendicular plane mirrors. One of the mirrors can
move along the normal axis of the mirror. A beam from an external source
is partially reflected by the beam splitter to the fixed mirror and partially
transmitted to the movable mirror. The two beams that return from the two
mirrors are again partially reflected by and partially transmitted through the
beam splitter. Some of the light travels back to the light source and the rest
towards the detector.
Beam splitter
IR
source
Fixed mirror
M
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Figure 3.6: Michelson interferometer.
Two beams arriving at the detector interfere constructively when the optical
path difference δ is an integral multiple of the wavelength λ, thus the intensity
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of the beam at the detector is the maximum. For other values of δ, the intensity
at the detector I ′(δ) for each wavenumber, k, is given by
I ′(δ) = B(k)2 [1 + cos (2pikδ)] , (3.17)
where k ≡ 1/λ, B (k) is the intensity of the source and it is assumed that
the reflectance and transmittance of the beam splitter are 50%/50%. The
amplitude of the modulated component of B(k)2 cos (2pikδ) is referred to as the
interferogram B (δ) and is of importance in spectrometric measurements. The
amplitude of the interferogram can be affected by the beam splitter efficiency,
detector response and amplifier characteristics, therefore the interferogram for
each wavenumber can be written as
Bk (δ) = I (k) cos (2pikδ) , (3.18)
where I (k) is the intensity of the source corrected for instrumental character-
istics. For a broadband source, the interferogram can be described with the
integral
B (δ) =
ˆ ∞
−∞
I (k) cos (2pikδ) dk, (3.19)
and the corrected intensity is obtained by the cosine Fourier transformation of
B (δ)
I (k) =
ˆ ∞
−∞
B (δ) cos (2pikδ) dδ. (3.20)
In practice, dδ is a finite sampling interval and δ has a finite boundary ∆
which results in a finite resolution. The simplest correction of Equation 3.20 is
to multiply by a truncation function
D (δ) = 1, −∆ 6 δ 6 ∆
D (δ) = 0, δ > |∆| , (3.21)
and we obtain the recorded intensity
G (k) =
ˆ ∞
−∞
B (δ)D (δ) cos (2pikδ) dδ. (3.22)
Mathematically, the right-hand-side of Equation 3.22 is the Fourier transform
(FT) of the product of two functions and can be rewritten as the convolution of
the FT of each function. The FT of B (δ) is the true spectrum I (k), and the
FT of D (δ) is referred to the instrument line shape (ILS) function f (k). The
convolution of I (k) and f (k) is given by
G (k) = I (k) ∗ f (k) =
ˆ ∞
−∞
I (k′) f (k − k′) dk′. (3.23)
40 EXPERIMENTAL TECHNIQUES
The spectral resolution is affected by the shape of the ILS function which is
determined by the choice of the truncation function.
Similar to linear absorption spectroscopy, the Lambert-Beer law can be
applied to FTIR spectroscopy. Since infrared (IR) light is resonant with the
vibration modes of nuclei in a molecule, as the electronic transitions in a molecule
are resonant with visible light, FTIR gives information about chemical bonds.
There are two types of infrared detectors to record the intensity: thermal
detectors and quantum detectors. Thermal detectors sense the change of
temperature of an absorbing material resulting in a thermal electromotive
force (thermocouples), a change in resistance of a conductor (bolometer) or
semiconductor (thermistor bolometer), or the movement of a diaphragm due
to the thermal expansion of a gas (pneumatic detector), which can lead to the
change in illumination of an auxiliary photocell (Golay detector). Thermal
detectors usually respond to radiation slower than quantum detectors and are
used for the far-infrared wavelength range. The Golay detector and pyroelectric
bolometer are the most popular ones among thermal detectors.
In a quantum detector, electrons can be excited to a higher energy state
by the absorption of incident photons. Phototubes and photomultipliers can
be used for ultraviolet, visible and near-infrared (to about 1 µm), in which
electrons in the light-absorbing material are given enough energy to escape
from the surface and flow through a vacuum to give a current. Semiconductors
are used for mid-infrared wavelengths detection, where electrons in the valence
band are excited to the conduction band. Examples are PbS, PbSe, mercury
cadmium telluride (MCT) etc. Quantum detectors require cooling to reduce
electrical noise, for instance, an MCT has to be maintained at liquid nitrogen
temperatures (77 K).
3.4.2 Experimental method - FTIR spectroscopy
Figure 3.7 schematically shows the set up for the FTIR experiment. IR spectra
were obtained from a DA8 Bomen FTIR spectrometer equipped with a water-
cooled globar broadband light source (200 to 10000 cm-1), a KBr beam splitter
(450 to 5000 cm-1), and a liquid nitrogen cooled MCT detector (400 to 5000
cm-1). The pressure inside the FTIR spectrometer was kept below 0.2 torr
throughout the entire experiment. The aperture was set at 10.0 mm, the
speed of the moving mirror was 0.5 cm/s, and the resolution was 4 cm-1. The
customized sample holder has 3 windows allowing light to pass and each of
them is 5 mm in diameter, so we can load up to three spin-coated (dye-doped)
polymer samples simultaneously. The 532 nm pump beam generated from a cw
solid state laser was expanded with a 5× beam expander giving the diameter of
the pump beam on the sample of 7.5 mm.
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Figure 3.7: FTIR setup. BE is the 5× beam expander, M is the MCT detector,
S is the sample, and W is the quartz window. The sample can be rotated during
the experiment. The window is covered and the laser beam is blocked while
taking IR spectra.
Each IR spectrum of a silicon wafer, a spin-coated PMMA film on a silicon
wafer, and fresh dye-doped PMMA spin-coated on a silicon wafer was averaged
over 6000 scans, which takes about 66 minutes. The dye-doped polymer sample
was rotated 90◦ for laser irradiation, and rotated back to the original position
for taking IR spectra after 30 minutes of irradiation. In order to observe possible
changes during recovery, each IR spectrum was averaged over 1500 scans (about
16 minutes) during the first 400 minutes of recovery, 3000 scans (about 32
minutes) or 6000 scans (about 66 minutes) afterward. The actual number of
scans is reported in the results section of Chapter 7. The window on the side of
the FTIR spectrometer was covered and the laser beam was blocked while the
IR spectra were taken.
Rotating the sample and reducing the number of scans adds uncertainties in
addition to the noise of comparing IR spectra obtained at different times. These
uncertainties were determined prior to the experimental runs by simulating the
procedure without irradiating the sample. Each trial IR spectrum was averaged
over 1000 scans (about 10 minutes) to compare it with the changing IR spectra
relative to the fresh sample obtained in experimental runs, and the results are
presented in Chapter 7.

Chapter 4
Diffusion?
Although “normal” diffusion has been excluded in earlier studies of single-
exponential-like recovery [52, 54], it has not yet been examined whether diffusion
is involved in the observed stretched exponential recovery. The “normal”
diffusion is referred to the diffusion process described by Fick’s law and thus
it exhibits a single exponential time dependence. When the diffusion does not
exhibit a single exponential time dependence, it is referred to the “anomalous”
diffusion.
Tetracene, which has a structure similar to an anthraquinone, was observed
to exhibit anomalous diffusion in a PS matrix at 9.5 K below its glass transition
temperature, Tg, and the anomalous diffusion was modeled with a combination
of a stretched exponential and a single exponential functions [111]. Diffusion of
both 9,10-phenanthrenequinone dye (PQ) and polymer chain (of PMMA with
covalently bounded PQ after photobleaching) in PMMA were studied from 20
K below Tg to well above Tg, and the amount of refractive index modulation
was described as a combination of two stretched exponential functions [112]. If
diffusion is involved in the stretched exponential recovery from photodamaged
dye-doped polymers as observed in ASE and linear absorption spectroscopy
experiments, the “recovery” may come from a combination of normal diffusion
and recovery of the molecule, or a combination of anomalous diffusion and
molecular recovery, or purely anomalous diffusion. Therefore, the possibility
that diffusion is responsible for the observed stretched exponential recovery
should be examined.
All samples studied using linear absorption spectroscopy possess isosbestic
points during decay and recovery. The presence of isosbestic points suggests that
diffusion is most likely not responsible for the self-healing phenomenon, unless
the damaged species diffuses away from the probed region at the same rate
as undamaged dye molecules diffuse back to the probed region. Alternatively,
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7.5 mm
S
R
0.6
mm
Figure 4.1: Illustration of the pump and probe beams overlapping in the sample.
The white light probe has a diameter R and at the focus Rfocus = 0.6 mm. The
sample with a diameter S was moved to a position where Rfocus < S < R to
perform the photodegradation and recovery experiments. The pump beam was
expanded to 7.5 mm in diameter.
both diffusion and recovery are present with coordinated diffusion and recovery
rates after photodegradation. Since there are several ways that diffusion might
behave in a way similar to recovery, we seek to answer the question of whether
diffusion has taken place after photodegradation before modeling the specific
mechanisms.
A simple experiment that excludes all forms of diffusion during decay and
recovery is performed using linear absorption spectroscopy with the apparatus
described in Section 3.3.2 with the following modifications. An 1AAQ/PMMA
thin-film sample is sandwiched between two glass slides with a film diameter
about 1 to 2 mm, which is larger than the focus of the white light source as
schematically shown in Figure 4.1. The sample was placed at the focus of the
white light and the absorbance was less than 1 OD (optical density) to ensure
that the Lambert-Beer law is obeyed [113]. The sample was then translated
along the white light beam path until the diameter of the white light source was
larger than the sample and the absorption spectrum was still clearly resolved
as shown in Figure 4.2. The 5× expanded cw pump laser beam of wavelength
532 nm was centered at the sample to induce photodegradation. After 31
minutes of irradiation, the laser was turned off and the absorption spectra were
continuously recorded. Since the sample size is smaller than the white light
probe beam width, diffusion beyond the probed region is not possible, so the
diffusion mechanism is eliminated. Thus the observed changes in the absorption
spectrum will be due only to changes in the molecular structure of the dopant
or host polymer.
Absorption spectra during decay and recovery are shown in Figure 4.2. The
change of absorbance in both decay and recovery measurements has the same
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Figure 4.2: (a) Absorption spectrum of 1AAQ/PMMA during decay. The
dashed spectrum was taken when the white light was focused on the sample.
The solid curves are spectra in which the white light source’s transverse width
is larger than the sample’s diameter. The dotted spectra are the changing
absorbance relative to the fresh spectrum taken before irradiation ( 0 min). (b)
Absorbance of 1AAQ/PMMA during recovery.
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isosbestic point (2.83 eV) as in the samples with larger diameters (2.84 eV) that
will be presented in Chapter 5 within experimental uncertainty. As such, we
conclude that diffusion is not responsible in these cases. The absorbance as a
function of time also follows a stretched exponential function as do observations
on the same (1AAQ/PMMA) but larger thin-film samples in which only a
limited area is irradiated by the cw pump laser. The results clearly exclude
diffusion and anomalous diffusion as mechanisms contributing to the decay and
recovery processes.
Chapter 5
Reversible photodegradation
of liquid dye solutions
1AAQ was observed to undergo photocycloaddition with olefines when irradiated
by visible light at 0 ◦C in solutions with ethanol and benzene as solvent
[67–69]. The reaction products (after being separated from the solution for
analysis) were observed to gradually decompose into other species including
pristine 1AAQ at 30 ◦C; however, photocycloaddition between 1AAQ and
monoene was not observed [67, 68]. As we discussed in Chapter 2, a stronger
visible light source, such as a laser, may cause photocycloaddition between
1AAQ (or DO11) and monoene, such as MMA, and we further proposed that
photocycloaddition of 1AAQ (or DO11) and monomers can take place in 1AAQ-
(or DO11-)doped polymers owing to photothermal-induced depolymerization.
To explore this possibility, the degradation and recovery of dye in monomer
solutions, including MMA (a monoene), must first be established. In this
chapter, we exam the photodegradation of 1AAQ dissolved in styrene and
MMA and DO11 dissolved in styrene solutions, and compare their absorption
spectra with the ones obtained from photodegradation in 1AAQ/PMMA and
DO11/PS. The absorption spectra of these liquid samples are continuously
monitored for a few hours after photodegradation, and these observations lead
to the conclusion that dye molecules dissolved in liquid monomers also undergo
reversible photodegradation.
5.1 Liquid dye solution experiment
The preparation of dye dissolved in monomer solutions is described in Section
3.1.1. Each dye/monomer solution is filled in a quartz cell with 10.0 mm width
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and 0.1 mm depth. The height of the solution in the cell is approximately 5 mm.
The cell is placed in the setup of linear absorption spectroscopy as described in
Section 3.3.2 such that the white light source has a cross section of diameter
approximately 2 mm and the pump beam is expanded to 7.5 mm in diameter.
The overlap of the pump and probe beam on the sample is illustrated in Figure
5.1. After taking the absorption spectrum of a fresh dye/monomer solution, the
sample is irradiated for the desired time to observe a clear change in absorbance,
at which time the pump laser is turned off.
7.5 mm
Figure 5.1: Illustration of the pump (green) and probe (white) beams overlapping
on a liquid dye/monomer solution (orange). The pump beam is a cw laser with
532 nm wavelength.
The quartz cell is unfortunately wider than the diameter of the pump beam,
thus diffusion of dye and damaged dye can not be completely excluded. However,
the depth is much thinner than the width of the cell, so the fresh dye diffusing
into the probed volume and the damaged dye diffusing out from the probed
volume are expected to be slow on experiment time scale so that the observed
change in absorbance after the pump turned off is mainly due to changes in
molecular structures in the solution. The observation of isosbestic points in the
absorption spectra during recovery confirms this hypothesis.
5.2 Reversible photodegradation of liquid dye solu-
tions
In earlier studies, ASE signal from DO11 dissolved in dimethylformamide
solution was found not to recover after photodegradation [49] but was found to
recover in solid DO11/PMMA [9]. However, this observation does not imply
that photodegradation of DO11 in all liquid solvents, including monomers
like MMA and styrene, is irreversible. In the proposed photothermal-induced
chemical reactions (PTCR) mechanism, reversible photodegradation of DO11
(or 1AAQ) in monomer solutions may be possible depending on the stability
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of the reversibly-damaged DO11 (or 1AAQ) species, in which all molecules
have higher mobility and are thus susceptible to diffusion. Additionally, the
reversibly- and irreversibly-damaged dye species in dye-doped polymer matrices
could be the same as or similar to those in dye-dissolved monomer solutions
according to the PTCR hypothesis as described in Chapter 2.
5.2.1 1AAQ/styrene
Figure 5.2 shows the absorbance and change in absorbance of 1AAQ in styrene
solution exposed to a 532 nm cw laser of intensity 0.0045 W/cm2 for 5 minutes,
then kept in the dark. Though the isosbestic point is noisy during decay, it
indicates that the change in absorbance is mostly due to 1AAQ being converted
into the damaged species under irradiation but not diffusion. After irradiation,
the isosbestic point and the spectrum in the higher energy region becomes
too noisy to distinguish, possibly due to the small signal-to-noise (S/N) ratio
(the absorption spectrum drift ≤ 0.002 OD) and/or further degradation of
intermediate degraded dye species. A DO11/styrene experiment, described
in a later section, makes clear that diffusion is negligible when a weak pump
intensity is used. Thus, the restoration of absorbance in the low energy region
after irradiation indicates the recovery of 1AAQ, or further degradation of
intermediate degraded dye species, or both.
5.2.2 1AAQ/MMA
Figure 5.3 shows the absorbance and change in absorbance of 1AAQ in MMA
solution exposed to a 532 nm wavelength cw laser with intensity 0.23 W/cm2
for 38 minutes then kept in the dark. Notice that the pump intensity used here
is about 51 times and the dose is about 388 times stronger than those used for
1AAQ in styrene solution. There is no well-defined isosbestic point during decay,
but the changing absorbance exhibits clear increasing or decreasing trends at
various regions of the spectrum indicating actual photodegradation, i.e. pristine
1AAQ converts into other species under irradiation though the photodegradation
may not necessarily be the photocycloaddition of 1AAQ to MMA. This result
indicates that photodegradation of 1AAQ in MMA (a monoene) requires a
stronger pump intensity and higher dose, or consequently, a greater amount
of induced heat than in styrene as posited in Chapter 2. The greater amount
of heat can accelerate the diffusion of dye and damaged species in the volume
under irradiation. The observed change in absorbance does not have well-defined
isosbestic points, suggesting that diffusion accompanies photodegradation in
1AAQ/MMA under irradiation. The change in amplitude of the absorbance
in the high energy region (larger than 3 eV) is about a half the change at low
energy region (between about 2.4 to 3 eV). In contrast, 1AAQ/PMMA is often
observed to have approximately the same change in amplitude in both regions,
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Figure 5.2: Absorbance and changing absorbance of 1AAQ in styrene as a
function of time (a) under irradiation of a 532 nm wavelength cw laser, and (b)
after 5 minutes of irradiation.
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Figure 5.3: Absorbance and change in absorbance of 1AAQ in MMA as a
function of time (a) when irradiated with a 532 nm wavelength cw laser, and (b)
after 38 minutes of irradiation. Spectra taken after the 57th minute fluctuate
between that at the 57th and the 67th minute and are not shown here except
for the one at the 67th minute.
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Figure 5.4: Absorbance and change in absorbance of 1AAQ/PMMA with
concentration 8.5 g/L (a) when irradiated by a 532 nm wavelength cw laser with
intensity 1.71 W/cm2, and (b) during recovery after 50 minutes of irradiation.
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as shown in Figure 5.4. This may result from a combination of photodegradation
and fresh dye diffusing away from the probed volume under irradiation, i.e. the
change of absorbance in 1AAQ/MMA may be similar to that in 1AAQ/PMMA
if there were no diffusion. There is a small peak, though not well defined,
that appears during degradation at around 2.3 eV. This small peak is often
observed when 1AAQ- (or DO11-)doped PMMA is irradiated with a strong
pump intensity or high dose.
During recovery, an isosbestic point is observed at 2.84 eV as shown in Figure
5.3(b), though it is noisy. No isosbestic point is observed in the lower energy
region in Figure 5.3(b). We plot the change in absorbance with respect to the
absorption spectrum taken at the end of irradiation, the 38th minute in Figure
5.5, and obtain two isosbestic points. Similarly, the change of absorbance relative
to the absorption spectrum taken at the end of irradiation for 1AAQ/PMMA is
plotted in Figure 5.6. Comparing Figure 5.5 and Figure 5.6, we find that the
isosbestic points are at the same position, within the experimental uncertainty,
and the positions of the absorption peaks are similar, which suggest a similar
conversion product in both MMA and PMMA. This also indicates that back
diffusion is negligible when the solution is in the dark since there is no heating
due to the laser beam.
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Figure 5.5: Change in absorbance of 1AAQ/MMA relative to the absorption
spectrum at the 38th minute, the end time of irradiation. Spectra taken after
the 57th minute fluctuate between that at the 57th and the 67th minute and are
not shown here except for the one at the 67th minute.
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Figure 5.6: Change in absorbance of 1AAQ/PMMA relative to the absorption
spectrum at the 50th minute, the end time of irradiation.
The lower energy peak of the change in absorbance in 1AAQ/MMA (Figure
5.5), is at 2.57 eV while it is at 2.61 eV for 1AAQ/PMMA (Figure 5.6). In
addition to the relatively large noise, the difference may also rise from the
solvent effect (liquid MMA and solid PMMA) on the (reversibly-)damaged
dye molecules, which have higher polarity than the pristine ones - as will be
described in Chapter 6. The fluctuations in the change of absorbance in the
higher energy region is also large. Nonetheless, these results indicate that
1AAQ dissolved in MMA solution also recovers from photodegradation, not
only when doped in PMMA. Judging from the agreement of isosbestic points
and the peak positions in 1AAQ/MMA and 1AAQ/PMMA, the same or similar
reversible photodegradation products appear to be found in 1AAQ/MMA and
1AAQ/PMMA.
5.2.3 DO11/styrene
The absorbance and change in absorbance of DO11/styrene irradiated for 17
minutes using a 532 nm wavelength cw laser with intensity 0.011 W/cm2 is
presented in Figure 5.7. The isosbestic point at 3.01 eV indicates that diffusion
is negligible at this pump intensity so the DO11 molecule is converting into
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Figure 5.7: Absorbance and change in absorbance of DO11 in styrene (a) when
irradiated with a 532 nm wavelength cw laser, and (b) during recovery after 17
minutes of irradiation.
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other species under irradiation. After irradiation, when the sample is recovering,
the isosbestic point in the absorbance shifts to 2.93 eV. Comparing with the
results obtained from DO11/PS shown in Figure 5.8, the change in absorbance
of DO11 behaves the same way in both liquid styrene solution and solid PS
matrix.
The change in absorbance of DO11/styrene and DO11/PS during recovery
relative to the absorption spectrum taken at the end of irradiation are shown
in Figure 5.9 and 5.10, respectively. The shift of the isosbestic point after
irradiation results from recovery accompanied with further degradation of
reversibly-damaged dye species as described in Appendix A. The excellent
agreement of the evolution of the absorption spectrum change between
DO11/styrene and DO11/PS during decay and recovery leads us to conclude
that DO11 undergoes the same reversible photodegradation process in styrene
as in PS.
A higher pump intensity and dose is required to cause the same degree
of damage in DO11 than in 1AAQ, and diffusion is likely observed while
irradiating 1AAQ/MMA. Therefore, photodegradation of DO11/MMA may be
accompanied by diffusion and thermal expansion under irradiation, and so was
not tested. However, as we have seen from the above results, 1AAQ/styrene
and DO11/styrene share the same reversible photodegradation process, which
agrees with the assumption in Chapter 2 that 1AAQ and DO11 undergo the
same reaction in the same environment. Thus, DO11/MMA is expected to
follow the same reversible photodegradation process as 1AAQ/MMA.
All the above results indicate that DO11/styrene and 1AAQ/MMA have
in common the same reversible photodegradation processes as DO11/PS and
1AAQ/PMMA, respectively, as posited in the PTCR hypothesis in Chapter 2.
In Appendix A, we further investigate photodegradation at various degrees of
damage and recovery to calculate the possible absorption spectra of reversibly-
damaged dye-doped polymers.
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Figure 5.8: Absorbance and change in absorbance of a 9 g/L DO11/PS thin
film sample (a) when irradiated with a 532 nm wavelength cw laser of intensity
0.43 W/cm2, and (b) during recovery after 7 minutes of irradiation.
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Figure 5.9: (a) Change in absorbance of DO11 in styrene during
photodegradation and recovery relative to the absorption spectrum at the
17th minute. (b) Same as (a) but only the ones during recovery.
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Figure 5.10: (a) Change in absorbance of DO11/PS during photodegradation
and recovery relative to the absorption spectrum at the 7th minute. (b) Same
as (a) but only the ones during recovery.

Chapter 6
Quantum chemistry
calculation
Density functional theory (DFT) is a computational quantum mechanical
method widely applied to investigate the electronic structure of many body
systems including atoms, molecules and condensed matter phases in their ground
states [114–116]. As an extension of DFT, time-dependent density functional
theory (TD-DFT) describes the excited states of many electron systems [114–
116], therefore the absorption spectrum of these systems can be estimated. A
brief introduction to the theory and computational methods employed in this
work will be described, then the calculated absorption spectra of pristine and
damaged dye species will be presented and compared with experimental results.
6.1 Density functional theory
Electronic structure problems are conventionally treated using wavefunctions
that are found from approximate solutions of the Schrodinger equation. The
Born-Oppenheimer approximation expresses the total wavefunction of a molecule
as a direct product of nuclear and electronic wavefunctions. The electronic
Schrodinger equation of an isolated N -electron molecule can be expressed as
HˆΨe = EΨe, (6.1)
where E is the electronic energy, Ψe is the electronic wavefunction and Hˆ is
the Hamiltonian operator given by,
Hˆ =
N∑
i=1
(
−12∇
2
i
)
+
N∑
i=1
v (ri) +
N∑
i<j
1
rij
, (6.2)
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where ri is the spatial coordinate of the ith electron, rij ≡ |ri − rj |, and the
external potential exerted on the ith electron due to nuclei of charges Zα is
v (ri) = −
∑
α
Zα
riα
. (6.3)
The first term on the right-hand side of Equation 6.2 describes the kinetic energy
of electrons, and the last term is the electron-electron interaction potential.
The Schrodinger equation can not be solved exactly due to the presence of the
electron-electron interaction.
The variational theory states that an upper bound to ground state energy
E0 of a system can be obtained by considering trial ground state wavefunctions
Ψ˜,
E0 ≤ E
(
Ψ˜
)
=
〈
Ψ˜
∣∣∣Hˆ∣∣∣ Ψ˜〉 , (6.4)
and the minimum, E0, is found when the trial ground state wavefunction Ψ˜
equals the exact ground state wavefunction Ψ0e ≡ Ψ. By imposing the Pauli
exclusion principle, the trial wavefunction (and the true electronic wavefunction)
is an antisymmetric product of N orthonormal electron spin-orbitals ψi (r), and
can be constructed by taking the direct product of a single particle spatial
wavefunction φ (r) and a spin function α (s), where the Slater determinant
Ψ˜ (r1, r2, · · · , rN ) = 1√
N !
∣∣∣∣∣∣∣∣∣
ψ1 (r1) ψ2 (r1) · · · ψN (r1)
ψ1 (r2) ψ2 (r2) · · · ψN (r2)
...
...
...
ψ1 (rN ) ψ2 (rN ) · · · ψN (rN )
∣∣∣∣∣∣∣∣∣ , (6.5)
assures antisymmetry.
DFT is a method that approximates the solution to the Schrodinger equation
based on the Hohenberg-Kohn theorems [117]. For the exact ground state
wavefunction Ψ (r1, r2, · · · , rN ) of an N -electron system, the non-degenerate
electron density ρ (r) in the ground state is defined as
ρ (r) = N
ˆ
|Ψ (r, r2, · · · , rN )|2 dr2 · · · drN . (6.6)
The first theorem states that for a stationary many electron system, the external
potential v (r) is a unique functional of ρ (r), apart from a trivial additive
constant. Consider v (r) of an N -electron system being determined by ρ (r)
for the non-degenerate ground state with wavefunction Ψ and corresponding
Hamiltonian operator Hˆ. Assume that there exists another potential v′ (r)
with ground state wavefunction Ψ′ and corresponding Hamiltonian operator H˜
giving the same ρ (r). Notice that Ψ 6= Ψ˜ since they satisfy different Schrodinger
equations unless v′ (r) = v (r) + const. Taking Ψ˜ as the trial wavefunction,
E0 =
〈
Ψ
∣∣∣Hˆ∣∣∣Ψ〉 < 〈Ψ˜ ∣∣∣Hˆ∣∣∣ Ψ˜〉 = 〈Ψ˜ ∣∣H˜∣∣ Ψ˜〉+ 〈Ψ˜ ∣∣∣Hˆ − H˜∣∣∣ Ψ˜〉 , (6.7)
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we obtain
E0 < E
′ +
ˆ
[v (r)− v′ (r)] ρ (r) dr. (6.8)
Similarly, if Ψ is taken as the trial wavefunction, we find that
E′ < E0 +
ˆ
[v′ (r)− v (r)] ρ (r) dr. (6.9)
Adding Equation 6.8 and 6.9, we obtain a contradiction
E0 + E′ < E′ + E0, (6.10)
so there can not exist different v giving the same ρ. Thus, ρ determines all
observables such as v, the total number of electrons, N , and all properties of
the ground state. The second theorem [117] is the variational principle which
states that the ground state energy E0 is the minimum value of the ground state
energy functional E [ρ] for the correct ρ. To prove this theorem [114, 117, 118],
we express the ground state energy as a functional of ρ,
E [ρ] =
ˆ
v (r) ρ (r) dr + 12
ˆ
ρ (r) ρ (r′)
|r− r′| drdr
′ + F [ρ] , (6.11)
and
F [ρ] ≡ Ts [ρ] + Exc [ρ] , (6.12)
where Ts [ρ] is the kinetic energy of non-interacting electrons in the ground
state and Exc [ρ] is called the exchange correlation energy which includes the
effect of correlations on the kinetic energy of the interacting electrons and non-
classical electron-electron interactions. The second term on the right-hand side
of Equation 6.11 is the classical Coulomb repulsion between pairs of electrons.
A trial density ρ˜ determines v˜, H˜ and Ψ˜ of the N -electron system. Thus, taking
the trial wavefunction Ψ˜, we obtain
E [ρ˜] =
〈
Ψ˜
∣∣∣Hˆ∣∣∣ Ψ˜〉
=
ˆ
v (r) ρ˜ (r) dr + 12
ˆ
ρ˜ (r) ρ˜ (r′)
|r− r′| drdr
′ + F [ρ˜]
≥ E [ρ] . (6.13)
Though the functional form of F[ρ] was not specified in the Hohenberg-
Kohn theorems, the Kohn-Sham method was later developed to calculate F[ρ]
[119, 120]. It assumes a system composed of N non-interacting electrons with
electron density
ρ˜ (r) =
N∑
i=1
∣∣Ψ˜i (r)∣∣2 . (6.14)
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The corresponding single particle Schrodinger equation is given by(
−12∇
2 + v (r)− εj
)
ϕj (r) = 0, (6.15)
with the ground state energy of the N particle system given by
E =
N∑
j=1
εj , (6.16)
where ϕ and ε are the wavefunction and eigenenergy of the single non-interacting
electron.
The Hohenberg-Kohn variational principle in Equation 6.13 for such a system
is given by
E [ρ˜] =
ˆ
v (r) ρ˜ (r) dr + Ts [ρ˜ (r)] ≥ E. (6.17)
The Euler-Lagrange Equation applied to Equation 6.17 gives
δE [ρ˜] =
ˆ
δρ˜ (r)
v (r) + δTs [ρ˜ (r)]δρ˜ (r)
∣∣∣∣∣
ρ˜=ρ
−ε
 dr = 0. (6.18)
For the interacting N -electron system, the Euler-Lagrange Equation applied to
Equation 6.13 yields,
δE [ρ˜] =
ˆ
δρ˜ (r)
veff (r) + δTs [ρ˜ (r)]δρ˜ (r)
∣∣∣∣∣
ρ˜=ρ
−ε
 dr = 0, (6.19)
with
veff (r) ≡ v (r) +
ˆ
ρ˜ (r′)
|r− r′|dr
′ + Vxc (r) (6.20)
and
Vxc (r) ≡ δExc [ρ˜ (r)]
δρ˜ (r)
∣∣∣∣∣
ρ˜=ρ
. (6.21)
Equation 6.19 is identical to 6.18 if the non-interacting electrons are placed in
an external effective potential veff . Equations 6.14, 6.20, 6.21 and the single
particle Schrodinger equation in an external effective potential given by(
−12∇
2 + veff (r)− εj
)
ϕj (r) = 0, (6.22)
have to be solved self-consistently to optimize ρ. These self-consistent equations
are also known as the Kohn-Sham equations. The ground state energy is then
given by [119, 120]
E =
N∑
j=1
εj − 12
ˆ
ρ˜ (r) ρ˜ (r′)
|r− r′| drdr
′ + Exc [ρ˜ (r)]−
ˆ
Vxc (r) ρ˜ (r) dr. (6.23)
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The estimated ground state energy clearly depends on the accuracy of Exc [ρ˜ (r)],
therefore a proper functional has to be chosen to approximate Exc [ρ˜ (r)] for
the actual system.
DFT has been extended to TD-DFT which takes into account the time-
dependence of the electron density in a many electron system [115, 121]. The
analogue of the Hohenberg-Kohn theorem in time-dependent problems is the
Ruge-Gross theorem, which states that the external potential exerted on a single
electron v (r, t) uniquely determines electron density ρ (r, t) for a given initial
wavefunction [121]. The Ruge-Gross theorem can also be used to establish
the exchange correlation potential Vxc [ρ (r, t)] and the Kohn-Sham equations
in time-dependent problems [115, 121]. Thus, the Ruge-Gross theorem sets
the foundation for TD-DFT. Using TD-DFT, the linear response of a many
electron system can be calculated and further used to determine the excited
state energies of the system [115, 122].
6.2 Computational method
Ultraviolet-visible (UV-Vis) spectra of various organic molecules including
anthraquinone derivatives have been calculated using TD-DFT calculations and
the results are found to be in good agreement with experiments if the appropriate
basis set of wavefunctions and functionals are chosen [123–132]. In order to
obtain a qualitative estimate of absorption spectra of possible photodegraded dye
molecules within a reasonable computing time, one of the methods that produce
reasonably good predictions for visible spectra of anthraquinone derivatives
is adopted [123]. We use Gaussian 03 to perform the TD-DFT calculations.
Geometry optimization of pristine DO11 and all possible damaged DO11 species
discussed in Chapter 2, except for the twisted intramolecular charge transfer
(TICT) state and DO11 tautomer due to intramolecular proton transfer (IPT),
was implemented with the 6-31G(d,p) basis set and the B3LYP functional
for each species in vacuum. The 6-31G(d,p) basis set utilizes Gaussian-type
functions added with polarization functions to describe the atomic orbitals
[133]. B3LYP is a hybrid functional containing a portion of the exact exchange
energy evaluated from the Kohn-Sham single-particle orbitals and some portions
of exchange and correlation energies approximated using DFT and empirical
methods [134, 135]. TD-DFT calculations were carried out with the optimized
ground state geometry using the same basis set and functional, and the
polarizable continuum model (PCM) to account for the solvent effects. In
PCM, the solution is divided into a solute portion located inside a cavity and a
surrounding structureless solvent portion characterized by its dielectric constant
and other parameters[136–138]. Photodegradation experiments were performed
in PS and PMMA polymer matrices that have dielectric constants of 2.6 and
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2.6 − 3.1 [139], respectively, which are close to toluene’s value of 2.38 [139].
Thus, toluene was selected as the PCM solvent.
Geometry optimization failed for the DO11 tautomer structure shown in
Figure 2.1, which indicates that the tautomer structure has higher energy than
the ground state DO11 structure. Thus, the tautomer ground state geometry
was optimized by placing the hydrogen atom on the other side of the oxygen, i.e.
rotating the C−OH group in the tautomer by 180◦ as shown in Figure 6.1(a),
and using the same basis set and functional. The C−OH was then rotated 180◦
from the optimized geometry as shown in Figure 6.1(b) to conduct the TD-DFT
calculation with the same procedure described above. Although the geometry
may be affected by intramolecular hydrogen bonding between O−H and N−H
of the DO11 tautomer, it may not drastically change the UV-Vis absorption
peak and the oscillator strength.
(a) (b)
Figure 6.1: Colors in molecular structures: black represents the carbon atom,
gray is the hydrogen atom, red is the oxygen atom and blue is the nitrogen atom.
(a) The modified DO11 tautomer structure used for ground state geometry
optimization. (b) The DO11 tautomer structure obtained by rotating the
C−OH group by 180◦ from the optimized geometry.
Geometry optimization also failed for the TICT structure because its
geometry change may be too subtle to capture, thus it was not computed
here.
6.3 Computational and experimental results
The lowest absorption peak of all species calculated using TD-DFT corresponds
to the excitation from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), except for the anion of DO11,
which includes contributions from other transitions but mainly from the HOMO-
LUMO transition. The distribution of electron clouds for HOMO and LUMO
of each species is plotted in Appendix B.
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The calculated oscillator strength and the corresponding excitation energy
of the reversibly-damaged species are expected to be similar to that of the
irreversibly-damaged species according to the PTCR hypothesis described in
Chapter 2 and discussions in Appendix A. Though the absorption spectra of
the damaged dye species can not be determined directly from the experiment as
a result of (at least) three species involved in the photodegradation process, the
absorption spectra of the irreversibly-damaged DO11 dye can be approximated
by exposing the pristine DO11-doped polymers to the laser beam for long
enough time such that the spectra approach steady state if there is a major
irreversibly-damaged species or all irreversibly-damaged species have similar
absorption spectra as described in Appendix A.
Figure 6.2 shows the UV-Vis absorption spectra of pristine and irreversibly
photodegraded DO11/PS, the oscillator strength of the possible reversibly-
damaged species calculated with toluene as the solvent, and the change in
absorbance of DO11/PS during decay. The calculated lowest energy absorption
peak position of pristine DO11 agrees with the measured absorption spectrum
as expected. The peak corresponding to the change in absorbance at 2.64 eV
indicates that the amount of fresh DO11 decreases during decay. On the other
hand, the appearance of a peak at 3.22 eV indicates reversibly- and irreversibly-
damaged dye species forming during decay, though only the irreversibly-damaged
species is present after 90 minutes of irradiation. Therefore, the calculated
absorption peaks of reversibly- and irreversibly-damaged dye species should
be located at 3.22 eV. Comparing the calculated absorption energies and the
oscillator strength with experimental results in the visible regime, the DO11-
styrene oxetane is the only proposed reversibly-damaged species that agrees
with the observation. Note that even if taking into account the uncertainty in
the calculation of tautomer due to the modification of its ground state geometry
optimization, the effect is unlikely large enough to shift the absorption peak
from 2.40 eV (517 nm) to 3.22 eV (385 nm), the position of the peak associated
with the damaged species.
Similar to Figure 6.2, we plot the same experimental results with the
calculated oscillator strength of DO11-styrene oxetane and the irreversibly-
damaged species proposed in the PTCR hypothesis in Figure 6.3. The calculated
results are in agreement with the experiment. Besides, the calculation indicates
that the reversibly-damaged species has a similar absorption spectrum in the
visible regime as does the irreversibly-damaged species. It also suggests that as
long as the carbon-oxygen double bond adjacent to the amine group of DO11 is
broken, and the carbon and oxygen atoms form single bonds with fragments
(which may be different from the proposed ones) thermally-degraded from PS,
the visible absorption spectra of damaged DO11 species may all be similar due
to the partial damage of the intramolecular charge transfer (ICT) pathway as
illustrated in Figure 2.7 and confirmed with the calculated electron density of
the pristine DO11 and damaged species shown in Appendix B.
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Figure 6.2: (a) UV-Vis absorption spectrum of pristine DO11/PS, the spectrum
taken after 90 minutes of irradiation (dashed curves), and the oscillator strength
of the possible reversibly-degraded species (vertical lines). (b) Change of
absorbance during decay with respect to the pristine sample (dotted curves)
and the oscillator strength of the possible reversibly-degraded species (vertical
lines).
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Figure 6.3: (a) UV-Vis absorption spectrum of pristine DO11/PS, the spectrum
taken after 90 minutes of irradiation (dashed curves), and the oscillator strength
of the possible irreversibly-degraded species (vertical lines). (b) Change of
absorbance during decay with respect to the pristine sample (dotted curves)
and the oscillator strength of the possible irreversibly-degraded species (vertical
lines). The oscillator strength of the DO11-styrene oxetane is also plotted in
both graphs for comparison.
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Figure 6.4 shows the UV-Vis absorption spectra of fresh and irreversibly
photodegraded DO11/PMMA, the calculated oscillator strength of the possible
reversibly-damaged species dissolved in toluene, and the change in absorbance of
DO11/PMMA during decay. Similar to the results in DO11/PS, the computed
results of both anion and tautomer of DO11 disagree with the experimental
results. Only DO11-MMA oxetane is in agreement with the change in visible
absorption spectrum during photodegradation, thus DO11-MMA oxetane is the
most likely reversibly-damaged species among the three computed candidates.
Figure 6.5 shows the same experimental results with the calculated oscillator
strength of DO11-MMA oxetane and the proposed irreversibly-damaged species.
DO-11/PMMA has better photoresistance than DO11/PS so the absorbance
after 59 minutes of irradiation with a similar pump intensity may not be as
close to that of the irreversibly-damaged species obtained in DO11/PS, but
the experiment was stopped due to the increasing instability of the white light
source. In addition, the structure of toluene, the solvent chosen for the TD-DFT
calculation, is similar to a unit of PS but different from a unit of PMMA.
Therefore the agreement between the computational and experimental results
for DO11/PMMA may not be as good as DO11/PS. Besides, the calculated
dipole moment of damaged species is larger than the pristine DO11 as listed
in Appendix B, therefore the damaged species may interact more strongly
with PMMA than PS due to the COOCH3 group in PMMA. Nonetheless,
the blue shift in the absorption spectrum and the change of absorption peaks
qualitatively agree with the calculated oscillator strength and the corresponding
energy for DO11-MMA oxetane. DO11-MMA oxetane also exhibits similar
oscillator strength and absorption peak positions in the visible region as does
the irreversibly-degraded species. Thus, the conclusion drawn from the results
of DO11/PS is also true in DO11/PMMA.
By comparing the computational and experimental results, both IPT and
anion formation are ruled out and the proposed PTCR hypothesis is the most
possible mechanism responsible for reversible photodegradation. As presented
in Appendix B, TD-DFT results confirm that all reversibly- and irreversibly-
damaged species proposed in the PTCR hypothesis have similar absorption
spectra in the visible region due to the partial damage in ICT path as illustrated
in Figure 2.7, and these results also qualitatively agree with the absorption
spectra of the reversibly-damaged dye species in PS and PMMA calculated
using a simple model and experimental results as described in Appendix A.
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Figure 6.4: (a) UV-Vis absorption spectrum of pristine DO11/PMMA, the
spectrum taken after 59 minutes of irradiation (dashed curves), and the oscillator
strength of the possible reversibly-degraded species (vertical lines). (b) Change
of absorbance during decay with respect to the pristine sample (dotted curves)
and the oscillator strength of the possible reversibly-degraded species (vertical
lines).
72 QUANTUM CHEMISTRY CALCULATION
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
689 620 564 517 477 443 413 387 365 344
0.00
0.04
0.08
0.12
0.16
0.20
Wavelength (nm)
O
sc
illa
to
r s
tre
ng
th
Energy (eV)
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
 0 (min)
 1 (min)
 5 (min)
 10 (min)
 20 (min)
 40 (min)
 59 (min)
C
ha
ng
e 
of
 a
bs
or
ba
nc
e
 DO11
 DO11-MMA
 irr2
 irr1
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
689 620 564 517 477 443 413 387 365 344
0.00
0.04
0.08
0.12
0.16
0.20
 0 (min)
 59 (min)
Wavelength (nm)
O
sc
illa
to
r s
tre
ng
th
Energy (eV)
0.0
0.2
0.4
0.6
0.8
Ab
so
rb
an
ce
(a)
(b)
Figure 6.5: (a) UV-Vis absorption spectrum of pristine DO11/PMMA, the
spectrum taken after 59 minutes of irradiation (dashed curves), and the oscillator
strength of the possible irreversibly-degraded species (vertical lines). (b) Change
of absorbance during decay with respect to the pristine sample (dotted curves)
and the oscillator strength of the possible irreversibly-degraded species (vertical
lines). The oscillator strength of the DO11-MMA oxetane is also plotted in
both graphs for comparison.
Chapter 7
Fourier transform infrared
spectroscopy
A UV-Vis absorption spectrum shows peaks due to the dyes in a dye-doped
polymer; but since PS and PMMA are transparent in this wavelength range,
the contribution from the host polymer is negligible. However, infrared (IR)
absorption spectroscopy allows the study of both dye and polymer. Thus, we
apply Fourier transform infrared (FTIR) spectroscopy to monitor the change
of chemical bonds in the dye molecules and in the host polymer to study their
role in reversible and irreversible photodegradation.
1AAQ/PMMA was chosen for FTIR characterization studies because of the
abundant literature on 1AAQ. In contrast, the literature on DO11 is sparse.
It is reasonable to assume no significant differences in photoinduced reactions
between 1AAQ and DO11 when incorporated in the same polymer host, as
described in Chapter 2 and 5. PS was not studied in the FTIR experiments due
to the small amount of dye recovery, which would be difficult to distinguish from
noise. A polymerized sample sandwiched between two glass substrates can not
be used in FTIR experiments, because glass absorbs IR radiation in the region
of interest. Silicon wafers, on the other hand, provide a good IR window for
this study. Spin-coating is used to make thin samples that allow us to observe
the evolution of IR spectra. However, IR absorption from the bonds in the dye
molecules is much weaker than for PMMA due to the low dye concentration used
in samples polymerized from a dye-dissolved monomer solution. For example, a
typical polymerized 1AAQ/PMMA sample has a concentration of 8.5 g/L, which
corresponds to about 0.3% number density of 1AAQ in MMA monomer. In order
to observe possible changes in the IR spectrum from both dye and polymer, the
concentration of 1AAQ/PMMA was increased to 105 g/L, about 4.0% number
density of 1AAQ in MMA monomer, resulting in a dye concentration more
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than 12 times higher than a typical polymerized sample. With such a drastic
change in dye concentration and the method of sample preparation from the
usual experimental protocol, it is necessary to confirm that the same reversible
photodegradation can be observed. Thus, 1AAQ/PMMA sample was also
spin-coated on glass substrates and studied with linear absorption spectroscopy.
The thickness of 1AAQ/PMMA spin-coated on a glass slide is about 0.6 µm
estimated using the same method described in Appendix C for DO11/PMMA
thin films. The thickness of 1AAQ/PMMA spin-coated on a silicon substrate
is not measured, but it is thinner than 0.6 µm since the spin speed is 5 times
faster than the sample spin-coated on a glass slide. The role of air in reversible
photodegradation will be discussed since spin-coated samples are open to the
air in the linear absorption spectroscopy measurements.
7.1 Observations in UV-Vis spectrum
1AAQ/PMMA was spin-coated on a glass substrate and irradiated with a
532 nm wavelength cw laser at a peak power of 2.09 W/cm2 for 30 minutes
and probed using linear absorption spectroscopy to confirm that reversible
photodegradation takes place for spin-coated samples. Figure 7.1 shows the
absorption spectra and the change in absorbance during decay and recovery.
In the decay process, the absorption peak of the fresh sample, the peaks of
changing absorbance, and the isosbestic points at 2.84 eV and 2.31 eV agree
within the experimental uncertainty with those observed from the polymerized
sample as shown in Figure 5.4. The fact that no significant difference observed
between spin-coated (open to the air) and polymerized (sandwiched between
two glass slides) samples during decay suggests that air is unlikely involved in
the decay process.
In the recovery process, shown in Figure 7.1(b), the change in absorbance near
2.3 eV behaves similar to but is not as drastic of a change as the 1AAQ/MMA
liquid sample as shown in Figure 5.3(b). The reason for the similar behavior
may be due to the larger amount of free space left in the spin-coated samples
by evaporated solvent. In contrast, the sample polymerized from monomer
may have less free space and more polymer entanglements, which increase
the possibility of recombination of thermally decomposed polymer fragments
and stop the diffusion of dye and thermally decomposed polymer products
during irradiation. As a result, more MMA monomers and other fragments
accumulate than in a polymerized sample. Thus, the local environment becomes
a mixture of small amounts of liquid solution and polymer. The isosbestic
point at 2.81 eV in Figure 7.1(b) is slightly shifted from the 2.84 eV peak in
the recovery spectra of the polymerized sample shown in 5.4(b). The change
of absorbance during recovery in Figure 7.2 agrees with that observed from
polymerized sample in Figure 5.6, except that the isosbestic point near 2.3 eV
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Figure 7.1: Absorption spectrum and the change of absorbance relative to the
pristine sample of 1AAQ/PMMA as a function of time during (a) decay and
(b) recovery.
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Figure 7.2: The Change in absorbance of 1AAQ/PMMA relative to the spectrum
taken at the 30th minute, the time at which the pump laser turned off.
of the spin-coated sample is not discernible. The change in the character of the
isosbestic points may be due to experimental uncertainty and/or the conversion
of some portion of reversibly-damaged species into the irreversibly-damaged
species similar to the cases described in Appendix A for DO11. The low energy
peak position of the change in absorbance during recovery in Figure 7.2 shifts
from around 2.5 eV to 2.6 eV, suggesting that some of the reversibly-damaged
species converts into irreversibly-damaged species in addition to recover back
to the fresh 1AAQ, which agrees with the observation from the polymerized
sample discussed in Appendix A for DO11. The agreement between spin-coated
(open to the air) and polymerized (sandwiched between two glass slides) samples
during recovery indicates that air may not significantly affect the process of the
reversibly-damaged species converting into the irreversibly-damaged species or
back to fresh 1AAQ.
Our current experimental configuration does not allow for the entire
decay and recovery experiment to be run in vacuum. However, the decay
experiment can be run in vacuum followed by the recovery experiment in air. If
photodegradation in air differs from that in vacuum - for example, containing
different kinds of damaged products or different amounts of reversibly- and
irreversibly-damaged products - the process during recovery should behave
differently even when measured under the same conditions.
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Figure 7.3: (a) Absorption spectra of 1AAQ/PMMA during recovery after
irradiated in the FTIR setup for 30 minutes. The first spectrum was taken at
the 42nd minute, 12 minutes after the irradiation. (b) The change in absorbance
relative to the spectrum taken at the 42nd minute.
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To test the effect of air, a sample spin-coated on a glass substrate was
irradiated in the FTIR setup in vacuum under the same pump conditions
(approximately the same pump intensity) as previously done in air, then
transferred to the linear absorption spectroscopy experiment to record the
recovery starting from the 42nd minute. The transfer took 12 minutes. The
absorption spectra and the change in absorbance during recovery are shown in
Figure 7.3. To insure that the damaged area was probed after the transfer, the
sample was positioned such that the diameter of the white light probe was about
2 mm. While this increases experimental uncertainties, the same isosbestic point
at 2.83 eV and peak positions were observed within experimental uncertainty
as those in Figure 7.1.
The change of absorbance at 2.61 eV for both experiments described is plotted
in Figure 7.4. The black circular dots represent measurements in the linear
absorption spectroscopy setup, and the red hollow squares represent recovery
measurements subsequent to the photodegradation experiment performed in
vacuum with the FTIR setup using the linear absorption spectroscopy setup.
The recovery data are adjusted to be the same at the 42nd minute. A meaningful
comparison between the two runs assumes that the spin-coated samples made
 Recovery after photodegradation
         in FTIR setup
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Figure 7.4: Black dots: Change of absorbance relative to the pristine
1AAQ/PMMA at 475 nm (2.61 eV) measured in air. Red hollow squares:
Change of absorbance relative to the 1AAQ/PMMA absorbance taken at the
42nd minute, where the data is shifted so that the values obtained at the 42nd
minute match. The decay experiment was performed in vacuum and the recovery
was recorded in air.
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under the same conditions have the same thickness.
It may be possible that air is involved in photodegradation and/or recovery
processes but only on the surface of the film, if air can not diffuse into the
polymer matrix easily. In this case, the effect of air is negligible in all experiments
conducted with dye-doped polymers since the same photodegradation and
recovery processes are observed in vacuum and air.
Since spin-coated samples from polymer/dye solution undergo the same
reversible photodegradation as samples polymerized from dye dissolved in
monomer, we use spin-coated samples in FTIR study to study the mechanism
responsible for reversible photodegradation in samples prepared using both
methods.
7.2 FTIR
In the FTIR experiment, the 1AAQ/PMMA sample needs to be rotated 90◦
for laser irradiation and rotated back to its original position for taking IR
spectra during recovery. This introduces uncertainties in addition to the noise
when comparing spectra during recovery to the spectrum of the fresh sample
taken before it is rotated. We examined the uncertainty by simulating the
experiment without irradiating the sample as follows. 1AAQ/PMMA with a
concentration of 105 g/L is spin-coated on a silicon wafer and used in this test.
An IR absorption spectrum is acquired at room temperature by averaging 6000
scans. The sample is then rotated 90◦ (without laser irradiation) and rotated
back to the original position. Subsequently 1000 scans are averaged to obtain a
spectrum and the procedure is repeated. 45 minutes after taking the second
spectrum, another spectrum averaging 1000 scans is acquired. The change in
IR absorption spectrum is obtained by subtracting the first spectrum taken
before rotating the sample from the later ones. The results of two full cycles
of rotation are plotted as “test 1” and “test 2”, and the one taken 45 minutes
after “test 2” is plotted as “test 3” in Figure 7.5.
To study the reversible photodegradation of 1AAQ/PMMA with FTIR, we
prepared as controls a plain silicon wafer, spin-coated PMMA on a silicon wafer,
and 105 g/L concentration 1AAQ/PMMA spin-coated on a silicon wafer. To
minimize the uncertainty, all three samples were fixed on the sample holder and
placed in the vacuum chamber for the entire experiment.
All IR spectra were acquired at room temperature and averaged over 6000
scans before irradiation. The 1AAQ/PMMA sample was irradiated using 532
nm wavelength cw laser light with approximate peak power of 2.09 W/cm2
for 30 minutes. IR spectra of 1AAQ/PMMA acquired after irradiation were
averaged over 1500 scans during the first 400 minutes, 3000 scans for the 540th
minute, and 6000 scans afterward. The IR absorption spectra of PMMA and
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Figure 7.5: Comparison of noise and the change in IR absorbance of
1AAQ/PMMA during recovery after being irradiated with a 532 nm wavelength
cw laser for 30 minutes. The vertical lines correspond to the varying IR
absorption bands shown in Figure 7.6 and discussed in the text.
1AAQ/PMMA were obtained by subtracting the spectrum of each sample
from that of the silicon wafer as shown in Figure 7.6(a) and 7.7(a). The IR
absorption peaks of the dye are much weaker than that of PMMA as can be
seen by comparing the amplitudes of IR spectra in Figure 7.6(a). Though the
dye concentration is about 12 times higher than polymerized samples used in
other experiments, the polymer contribution to the IR absorption is larger. The
change of IR spectrum with respect to fresh 1AAQ/PMMA during recovery is
plotted in Figure 7.6(b) and 7.7(b) at various time intervals, and the first and
last spectra are also plotted in Figure 7.5, which shows that the change of IR
spectra are distinguishable from noise except for the peak near 1731 cm-1 due
to the nearly saturated absorbance at 1731 cm-1.
We assign observed IR absorption peaks that change over time in Figure
7.6 and 7.7 according to literature and tabulate them in Table 7.1. According
to Nagai et al., the bands at 1150 and 1194 cm-1 are associated with coupled
vibrations of skeletal stretching and internal C−H deformation modes, and the
band at 1244 cm-1 is associated with the coupled C−C−O and C−O stretching
vibrations [140, 141]. However, the bands between 1150 and 1300 cm-1 have been
attributed later to strong coupling between stretching vibrations of C−C−O
and C−O or C−O−C and C−O of the ester group (R1−COO−R2) [142–144].
We adopt the more current assignment for the bands at 1150, 1194 and 1244
cm-1 to be coupled C−C−O−C stretching vibrations. The bending vibrations
of CH2, α-CH3 (in which α represents the first carbon atom that is attached to
the functional group COOCH3) and (O)CH3 strongly overlap around the band
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Figure 7.6: Peaks in the FTIR spectra are labeled: black for PMMA, blue for
1AAQ and red for absorption peaks that do not belong to PMMA and 1AAQ.
(a) IR absorbance of PMMA and 1AAQ/PMMA at 0, 42 and 1980 min. (b)
Change in the IR absorbance of 1AAQ/PMMA relative to the pristine spectrum
(0 min) as a function of time after being irradiated by a 532 nm wavelength cw
laser for 30 minutes.
at 1450 cm-1 [140, 141, 145]. The peak at 1485 cm-1 can be assigned to the
α-CH3 asymmetric deformation vibration of PMMA [140, 141, 145]. While the
peak at 1136 cm-1 may be a new peak, it is also possible that this peak is a
result of a frequency shift of the 1150 cm-1 peak under irradiation that recovers
after the laser is turned off.
The peak at 1280 cm-1 is about the same magnitude as the 1244 cm-1 peak
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Figure 7.7: (a) IR absorbance of PMMA and 1AAQ/PMMA at 0, 42 and 1980
min. (b): Change in the IR absorbance of 1AAQ/PMMA relative to the pristine
spectrum (0 min) as a function of time after being irradiated by a 532 nm
wavelength cw laser for 30 minutes.
in the IR spectrum of pristine 1AAQ/PMMA in Figure 7.6(a), but 1280 cm-1
is located at the shoulder of the IR absorption peak of PMMA at 1270 cm-1,
which is smaller than the 1244 cm-1 peak in the pure PMMA IR spectrum, so
the peak at 1280 cm-1 comes from 1AAQ and can be attributed to C−C−C
stretch of ketones, i.e. C−C(−O)−C [143]. The peak at 1546 cm-1 can be
assigned to the in-plane NH2 scissoring of 1AAQ, though is 34 cm-1 lower than
the usual frequency range in organic compounds [143], which could be caused
by the intramolecular hydrogen bond. The band at 1608 cm-1 can be attributed
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Wavenumber (cm-1) Molecule Corresponding vibration
1150, 1194, 1244 C−C−O−C stretching
1450 CH2, α-CH3 and (O)CH3 bending
1485 α-CH3 asymmetric deformation
1731 C−O stretching
1280 C−C−C stretch of ketones
1546 in-plane NH2 scissoring
1608 C−O stretching
3320, 3440 N−H stretching
1136 See text
1464 CH2 scissoring
1716 C−O stretching
2850-3000 sp3 CH stretching
Table 7.1: The assignment of IR absorption bands with each assignment colored
in the corresponding molecular structure. The molecular structures shown
for molecules other than PMMA and 1AAQ are merely illustrations for the
corresponding IR bands, not necessarily the actual molecules. Details of the
assignment of the IR bands are described in the text.
to the vibration of C−O adjacent to the amine group [146] of 1AAQ. It is worth
noticing that the band at 1667 cm-1, which can be assigned to the vibration of
the other C−O group of the 1AAQ molecule [146], is observed as can be found
in Figure 7.6, and there is no change at this band after irradiation (therefore
not indicated in the figure). The symmetric and asymmetric N−H stretching
modes of the amine group at about 3320 cm-1 and 3440 cm-1 [146] are too noisy
to determine whether they changed after irradiation.
Some changes in the IR absorption peaks that do not belong to PMMA and
1AAQ are found to be the changes in the background of the system. The peak
at 1464 cm-1 is known to be the CH2 scissoring band of hydrocarbons [143, 147].
The band at 1716 cm-1 originates from the C−O stretching vibration [143]
that belongs to neither aminoanthraquinones, which possess frequency of C−O
stretch in 1610∼1680 cm-1 [146], nor PMMA, which exhibits the C−O stretch
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near 1731 cm-1 [78]. The change of IR absorption bands between 2850 and 3000
cm-1 are known to be sp3 CH stretching vibration [143, 147]. These peaks are
compared with the changes in the background of the system in Appendix D.
Possible mechanisms described in Chapter 2 will be examined with the above
observation in what follows.
7.2.1 Possible mechanisms
Reversible photodegradation of dye
With the above observations, both twisted intramolecular charge transfer (TICT)
and anion formation are unlikely to be the possible mechanisms responsible for
reversible photodegradation due to the following reasons. Both TICT and anion
formation in 1AAQ do not involve dissociation of chemical bonds. According
to the study comparing C−O vibrations of 1AAQ, 1-methylamino- and 1-
dimethylamino-anthraquinone [146], the C−O vibration band at 1608 cm-1
shifts toward higher frequency and the C−O vibration band at 1667 cm-1 shifts
toward lower frequency as the extent of the resonance (due to intramolecular
charge transfer) decreases. Hence, both TICT and anion formation in 1AAQ
may cause shifts in C−O vibration modes due to the change in the extent of the
resonance, instead of the observed decrease in the amplitude of C−O vibration
at 1608 cm-1 alone.
As described in Section 2.1.1, the intramolecular proton transfer (IPT)
hypothesis proposes that a dimer of two tautomers is the reversibly-damaged
dye species [51]. When 1AAQ converts into its tautomer, the C−O vibration
peak at 1667 cm-1 remains unchanged, and another C−O vibration peak at
1608 cm-1 reduces its magnitude. The tautomer of 1AAQ should exhibit one
N−H stretching vibration band near 3320 cm-1, as observed at 3270 cm-1
for 1-methylamino-anthraquinone [148], and an O−H stretching vibration
band. The O−H stretch, possibly around 3350 cm-1, could be buried in
the noise or suppressed by hydrogen bonding, as observed in 1-substituted
hydroxyanthraquinones [146]. The observed decrease of the C−O vibration
peak at 1608 cm-1 and in-plane NH2 scissoring band at 1546 cm-1 may be
a result of IPT, which may result in the observed reduction of the C−C−C
stretch mode of the ketone group at 1280 cm-1. Thus, the IPT hypothesis
can not be eliminated with the FTIR results alone if the IPT hypothesis is
accompanied with another mechanism responsible for the observed irreversible
photodegradation.
In the hypothesis of domains described in Section 2.2.2, the tautomer, a
mixture of the tautomer and the original dye molecule, or the original dye
molecule may be the “pristine” dye species which decomposes into (multiple)
pieces due to laser irradiation that recombine if the corresponding counterparts
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meet each other [58, 59]. The presence of 1AAQ is confirmed in the fresh sample
since both the C−O vibration and the two N−H stretching vibration bands
are observed in the IR spectrum of the fresh 1AAQ/PMMA sample. Thus, the
possible “pristine” dye species can be 1AAQ or a mixture of 1AAQ and its
tautomer. This hypothesis posits that dye molecules are decomposed under
irradiation and recovery occurs when the decomposed counterparts meet each
other. Without knowing the possible products of the decomposed dye species,
it is difficult to judge whether the observed change in the 1AAQ IR absorption
peaks agrees with the hypothesis.
The hypothesis of photothermal-induced chemical reactions (PTCR) between
dye and polymer involves changes in both dye and polymer simultaneously, so it
will be discussed together with the irreversible photodegradation process below.
Reversible and irreversible photodegradation of dye and polymer
The PTCR hypothesis posits that 1AAQ undergoes photocycloaddition to
MMA generated from photo-thermally degraded PMMA to form oxetane, the
reversibly-damaged species, or undergoes other (photo)chemical reactions with
fragments thermally degraded from PMMA to form the irreversibly-damaged
species. Figure 7.8 illustrates the possible damage to 1AAQ and PMMA and
the corresponding change in IR absorption peaks.
The reduction of C−C−O−C stretching vibrations of PMMA (1150∼1300
cm-1) after irradiation indicates the scission of the methoxycarbonyl group
(COOCH3) from PMMA under irradiation. The decrease of CH2 bending
(1450 cm-1) and α-CH3 asymmetric deformation (1485 cm-1) of PMMA
after irradiation suggests that depolymerization and dissociation of polymer
backbones take place under irradiation. Photocycloaddition between 1AAQ and
the depolymerized MMA causes the decrease of the C−O vibration peak (1608
cm-1) and the C−C−C stretch peak of ketone (1280 cm-1) in 1AAQ. 1AAQ
and other radicals and fragments dissociated from PMMA can also undergo
(photo)chemical reaction to form irreversibly-damaged species and cause the
same change in the IR peaks. Note that there is no change from the other C−O
group of the 1AAQ molecule at frequency 1667 cm-1 [146] observed, which is
consistent with the conclusion obtained from the linear absorption spectroscopy
measurements and the TD-DFT calculation in DO11.
From the ground state geometry optimization of DO11 in the DFT
calculation, the amine group in the reversibly- and irreversibly-damaged species,
though still fairly planar, is observed to be slightly out-of-plane or slightly
twisted instead of lying in-plane with the skeleton of DO11 as shown in Figure
B.3 of Appendix B. It is reasonable to assume that the DFT calculation results
of DO11 can be qualitatively applied to 1AAQ due to their similar molecular
structures. Thus, the in-plane NH2 scissoring of 1AAQ at 1546 cm-1 may be
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Figure 7.8: (a) Evolution of the change in the IR spectrum relative to the
pristine 1AAQ/PMMA after 30 minutes of irradiation. Peaks belonging to
1AAQ have wavenumbers circled by hollow rectangles with colors corresponding
to that in the 1AAQ structure in (b). Peaks belonging to PMMA are highlighted
by rectangles with colors corresponding to that in the PMMA structure in (c).
Peaks not belonging to PMMA and 1AAQ are illustrated with (d) 1AAQ-MMA
oxetane using the red circle, (e) and (f) other structures originate from the
background of the system using dotted rectangles with the corresponding colors
shown in the structures. Details are described in the text.
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weakened after irradiation. The IR absorption peaks of oxetane in the gas phase
are located at 900 cm-1, 995 cm-1, and 2850∼3050 cm-1 [148]. The characteristic
IR band of oxetane formed between 1AAQ and olefines was observed at 990
cm-1, and for oxetane formed between 1AAQ and styrene was found at 970
cm-1 [68]. In this study, though, the change in the IR spectrum is relatively
noisy in the frequency range below 1000 cm-1 and no significant change is
observed between 800 cm-1 and 1000 cm-1 after irradiation. Since the vibration
of chemical bonds may be affected by the environment, the growing peak at
1136 cm-1 after irradiation may be attributed to oxetane formed between 1AAQ
and MMA as shown in Figure 7.8(d). The recovery of the peak at 1136 cm-1
indicates that 1AAQ-MMA oxetane molecules return to 1AAQ and MMA or
further decay into irreversibly-damaged species.
Recall that the photocycloaddition between 1AAQ and MMA is just a
possible photochemical reaction resulting in a possible reversibly-damaged
structure. If photocycloaddition between 1AAQ and MMA does not occur,
the reversibly-damaged species may be a metastable product of another
photochemical reaction as discussed in Section 2.2.3. Thus, the peak at 1136
cm-1 could also be a red shift from 1150 cm-1 due to the dissociation of the
COOCH3 group from PMMA under irradiation.
The changing IR absorption peaks belonging to 1AAQ partially recover and
the recovery is distinguishable until the 540th minute except for the in-plane
NH2 scissoring band, which is difficult to resolve due to noise. However, as
discussed in Appendix D, a growing peak near 1280 cm-1, which corresponds
to the C−C−C stretching vibration of ketone adjacent to the amine group in
1AAQ, is found to originate from the background of the system and become
distinguishable starting at the 540th minute in the IR spectrum. Thus, the
recovery at the peak 1280 cm-1 may have stopped (i.e. become indistinguishable
from noise) at the 150th minute. The partial recovery of 1AAQ agrees with
the observed absorption spectroscopy measurements. The reduced IR peaks
belonging to PMMA fully recover at the 150th minute. In addition to the changes
in the background of the system, the “disagreement” of the recovery time in
1AAQ and PMMA may also originate from the small signal-to-noise (S/N) ratio
of the spectrum and long time interval between two measurements, i.e. the
recovery time for 1AAQ may agree with that for PMMA if the IR spectrum
could have a better S/N ratio or be acquired more frequently. Other factors
that may be responsible for the disagreement are uncertainties and artifacts
that arise from the baseline process used for obtaining the spectra. Nonetheless,
the experimental results qualitatively agree with the PTCR hypothesis.
Summary
FTIR results have provided the evidence that both dye and polymer undergo
reversible photodegradation, instead of dye alone. The results rule out
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the hypotheses that TICT states and anion formation are the responsible
mechanisms for reversible photodegradation. Though the IPT hypothesis is
not eliminated, it requires an additional mechanism and species to explain
the observed irreversible process. As discussed in Chapter 2, the additional
mechanism causing irreversible photodegradation likely originates from local
heating due to light absorption. Instead of requiring two distinct mechanisms
occurring simultaneously and producing two degraded dye species with similar
absorbance or one of the two degraded species possessing a similar absorbance
as the fresh dye, the domains or PTCR hypotheses provide possible mechanisms
responsible for both reversible and irreversible photodegradation in dye-doped
polymers. However, it is not clear how the dye molecules decompose within
domains. On the other hand, FTIR experiments are in agreement with the
PTCR hypothesis.
7.3 Further discussion on PTCR hypothesis
Among all possible mechanisms with specified reversibly- and/or irreversibly-
damaged dye species to some extent as described in Chapter 2, the PTCR
hypothesis is the only interpretation that simultaneously agrees with the study
of 1AAQ/styrene, 1AAQ/MMA, DO11/styrene, 1AAQ/PMMA, DO11/PS
and DO11/PMMA using linear absorption spectroscopy in Chapter 5 and
Appendix A, the comparison between TD-DFT calculation and experimental
UV-Vis spectra of DO11/PS and DO11/PMMA in Chapter 6, and the FTIR
results presented here. The hypotheses of domains does not specify how dye
molecules may decompose under irradiation which leaves it a possible candidate
to be responsible for reversible photodegradation. Domains in this hypothesis
are thought to satisfy the correlated chromophore domain model (CCDM)
which predicts that higher dye concentration leads to slower photodegradation
and faster recovery [50, 53, 55]. Additionally, the CCDM also emphasizes
that the recovery of dye molecules is mediated by domain formation possibly
with the assistance of the polymer host [53, 58, 59] which is in agreement
with the conclusion that the photodegradation of DO11 in liquid solution is
irreversible [49]. However, if the decomposition of dye molecules is due to
locally accumulated heat contributed by nonradiative relaxation of excited dye
molecules, higher concentration of dye should result in faster photodegradation,
which is observed and will be shown in Chapter 8. It has also been observed that
both 1AAQ and DO11 undergo reversible photodegradation in liquid monomer
solutions as described in Chapter 5. Thus, even if there exist domains of dye
molecules in polymer matrices, the kinetics of reversible photodegradation are
unlikely described by the CCDM and the relations between domains and the
mechanism responsible for reversible photodegradation should be further studied.
On the other hand, the PTCR hypothesis is in agreement with the results in
Chapter 5 and 8.
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Considering the commonly observed reversible photodegradation from a large
variety of doped polymers briefly reviewed in Section 1.2, it is possible that there
exists a universal principle responsible for the phenomena. The energy transfer
from photo-excited dopants to hosts can potentially occur in all solid solutions.
Therefore, the photoinduced thermal degradation of polymer hosts is possibly a
common mechanism responsible for reversible and irreversible photodegradation
in various doped polymers. For instance, PMMA doped with AF455 dye was
observed to recover from laser ablation including optical and physical damages
within a month, but recovery was not observed from the damaged neat PMMA
in six months [13]. Although the AF455 dye differs from dyes used in this study,
which may lead to other potential mechanisms such as multiphoton induced
electron ejection and recombination proposed in the literature [13], reversible
chemical reactions were not considered. Charge ejection and recombination
may explain the reversible process of the optical damage in dye-doped PMMA,
but the reversible physical damage must involve dissociation and formation of
chemical bonds in both AF455 dye and PMMA, which may not require charge
ejection and recombination. If reversible (photo)chemical reactions between
AF455 dye and MMA (the main product of thermally degraded PMMA) take
place, the principle of the PTCR hypothesis can be applied to explain both
reversible optical and physical damage in AF455/PMMA.
The principle of the PTCR hypothesis may be applicable to reversible
photodegradation in various doped polymers. Based on this principle, the
condition of thermal degradation for polymers and the (photo)chemical
properties of dopants and the thermally degraded products of polymers are keys
in searching for more robust polymer-based materials.

Chapter 8
Kinetics of reversible
photodegradation
The correlated chromophore domain model (CCDM) describes the observed
temperature and concentration dependence of decay and recovery as probed with
ASE and transmittance image microscopy (TIM), which monitors the change
in transmitted light, in DO11/PMMA with an ensemble average of single-
exponential-like functions [50, 53, 55] as summarized in Chapter 1. However,
the recovery process observed with linear absorption spectroscopy measurements
for 1AAQ/PMMA, DO11/PMMA and DO11/PS described in Chapter 4 and 5
and Appendix A exhibits stretched exponential behavior. The CCDM predicts
a lower decay rate at higher dye concentration and is in agreement with the
concentration dependent decay rate as measured with ASE in DO11/PMMA,
which contradicts the PTCR hypothesis that predicts a higher decay rate at
higher dye concentration, which attributes the cause of photodegradation in
doped polymers to heat transferred from excited dopants to surrounding polymer
chains. These contradictions will be discussed in this chapter.
8.1 Stretched exponential recovery
Recovery of the photodegraded doped polymers, observed in linear absorption
spectroscopy measurements, is found to fit a stretched exponential function.
Assuming that fresh dye molecules undergo photodegradation and form a
reversibly- and an irreversibly-damaged species, the absorbance, A, of the
dye-doped polymer sample as a function of time, t, is expressed as
A (t) = A0n0 (t) +Arnr (t) +Airrnirr (t) , (8.1)
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where A0, Ar, Airr and n0, nr, nirr are the absorbance and the fractions of
fresh, reversibly-damaged and irreversibly-damaged dye species, respectively.
The absorbance at the time the laser is turned off, t0, is given by
A (t0) = A0n0 (t0) +Arnr (t0) +Airrnirr (t0) . (8.2)
Assuming that the reversibly-damaged species converts only to the pristine dye
after the laser is turned off, the absorbance is given by
A (t > t0) = A0n0 (t0) +A0nr (t0)
{
1− exp
[
−
(
t− t0
τ
)η]}
= Arnr (t0) exp
[
−
(
t− t0
τ
)η]
+Airrnirr (t0) , (8.3)
where τ is the characteristic recovery time constant and η is an exponent which
characterizes the dispersion of the distribution of the recovery time constants.
The change in absorbance relative to the absorbance at time t0 is
∆At0 (t > t0) ≡ A (t)−A (t0)
= (A0 −Ar)nr (t0)
{
1− exp
[
−
(
t− t0
τ
)η]}
, (8.4)
and that relative to the absorbance at time t = 0 is
∆A (t > t0) ≡ A (t)−A (0)
= (Airr −A0)nirr (t0)− (A0 −Ar)nr (t0) ·
exp
[
−
(
t− t0
τ
)η]
. (8.5)
Based on the analysis in Appendix A, the difference between Ar and Airr is
negligible from about 460 nm to 365 nm; therefore, the change in absorbance in
this range after the laser is turned off is due only to pure recovery.
Since the recovery process observed in previous ASE studies is described by
the CCDM which exhibits a single-exponential-like function [50, 53, 55], we study
recovery using ASE as a probe to determine if the stretched exponential recovery
behavior is an artifact of the probing method. Using the experimental method
described in Section 3.3.2, we simultaneously monitor the ASE signal and the
absorbance change in a DO11/PMMA thin film sample during photodegradation
and recovery. Figure 8.1 shows the results. The ASE intensity, IASE , is a
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Figure 8.1: Photodegradation and recovery of a 9 g/L DO11/PMMA thin film
sample. The experimental details are described in Section 3.3.2. (a) The black
squares show the change in absorbance at 460 nm and the red points show
the ASE intensity. The pump laser is on for the first 12 minutes to induce
photodegradation. The green dashed line shows a fit using Equation 8.5 to
the change in absorbance at 460 nm. The inset shows the first 60 minutes
with a linear time scale. (b) Same as (a) but ASE intensity is converted to the
population of DO11 molecules that generate ASE.
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nonlinear function of the concentration of DO11, c, and the pump intensity in
arbitrary unit, Ipump, according to the empirical relation
IASE =
(c/c0)q
1 + (I0/Ipump)p
, (8.6)
where fit parameters c0 = 5.0± 0.6 g/L, p = 2.30± 0.07, q = 2.6± 0.5 and I0
has a value about 517 in arbitrary unit [53]. Thus, the population of pristine
dye molecules, which is proportional to the dye concentration, is empirically
determined to take the form
n0 ∝ (IASE)1/2.6 , (8.7)
where n0 is the population of pristine DO11 molecules [53]. Note that Equation
8.6 and 8.7 were obtained from pristine bulk DO11/PMMA samples with
thicknesses of 3 to 4 mm, so IASE is the integral of all layers in the sample
that generate ASE. Both the ASE intensity and converted population of DO11
molecules that produce ASE according to Equation 8.7 follow the change in
absorbance as shown in Figure 8.1. The last four data points of the ASE
intensity fall below the trend, and are likely due to photodegradation of the
sample caused by the pulsed laser used during probing. Since the overlap
between the pulsed laser beam and the white light cross section is less than 7%
of the white light area as illustrated in Figure 3.5, and the photodegradation
caused by the pulsed laser may not necessarily overlap with the white light, so
it is not surprising that this degradation is not observed in the absorbance data.
The ASE from DO11/PMMA was first observed to exhibit reversible
photodegradation in earlier work in our group [9] and was later described by
the CCDM, which assumes a single-exponential-like recovery function [50, 53].
Those ASE experiments were performed with DO11/PMMA bulk samples in the
form of cylinders of about 1.3 cm diameter or disks with 3 to 4 mm thickness,
and full recovery of the ASE signals was often observed. Though the CCDM
seemed to fit the ASE recovery data, the fitting curve often recovers more slowly
than the data at early times of recovery, as can be seen in Figure 8.2. Note that
the ASE intensity in Figure 8.2 is converted to population of pristine DO11
according to Equation 8.7.
We fit the recovery data to the stretched exponential function given by
n0 (t) = 1− nr (t) exp
[
−
(
t− t0
τ
)η]
, (8.8)
and the results are plotted as blue lines in Figure 8.2. The stretched exponential
fits clearly show better agreement with the experiment than the CCDM
fits. Thus, the single-exponential-like recovery seems to fit because of the
small number of data points acquired during recovery, a necessity to prevent
photodegradation caused by the pulsed laser used to generate the ASE probe
light.
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Figure 8.2: Recovery of DO11/PMMA with various concentrations fit using the
CCDM (red lines) and Equation 8.8 (blue lines). Data and the CCDM fits are
from the literature [53].
8.2 Photodegradation
The central difference between the predictions of the CCDM and the PTCR
hypothesis is in the opposite predictions of the concentration dependence and
temperature dependence of photodegradation and recovery. The decay rate
obtained from a single exponential fit to the photodegradation caused by the
pulsed laser of 532 nm wavelength in bulk DO11/PMMA samples (disks with
thickness 3 to 4 mm) at various dye concentrations probed with ASE is found
to be inversely proportional to the dye concentration [50, 53, 55]. This agrees
with the CCDM and disagrees with the predictions of the PTCR hypothesis. A
series of experiments were performed to control for possible artifacts.
Two thin film samples of DO11/PMMA with concentrations of 3 and 9 g/L
were prepared with different thicknesses such that both samples have nearly
96 KINETICS OF REVERSIBLE PHOTODEGRADATION
(a)
-2 0 2 4 6 8 10 12 14
-0.030
-0.025
-0.020
-0.015
-0.010
-0.005
0.000
C
ha
ng
e 
of
 a
bs
or
ba
nc
e
Time (min)
 9 g/L
 3 g/L
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
689 620 564 517 477 443 413 387 365 344
0.0
0.2
0.4
0.6
0.8
1.0
Wavelength (nm)
Ab
so
rb
an
ce
Energy (nm)
 9 g/L
 3 g/L
(b)
Figure 8.3: (a) Absorbance of DO11/PMMA thin film samples of 3 and 9
g/L concentrations. (b) The change of absorbance at 2.70 eV (460 nm) under
irradiation with a cw laser of 532 nm wavelength at a peak intensity of 2.09
W/cm2.
identical optical density, as shown in Figure 8.3(a), so that both samples have
approximately the same number of dye molecules in the exposed volume. Note
that the difference in shape of the two spectra, as can be assessed by the
crossing at 2.29 and 3.21 eV, is likely an artifact due to the amount of white
light collected by the optical fiber, which varies slightly each time a sample is
placed in its holder due to changes in the thickness and angle of the sample and
glass substrates and the resulting slight change in the portion of collected white
light passing through the slit of the spectrometer. Both samples were irradiated
with a cw laser of 532 nm wavelength at a peak intensity of 2.09 W/cm2 using
the linear absorption spectroscopy setup described in Section 3.3.2. The change
in absorbance at 2.70 eV (460 nm) is plotted in Figure 8.3(b), which clearly
shows that photodegradation is faster at higher dye concentration.
Using the ASE setup in Figure 3.2 and collecting the pulsed laser beam
after passing the thin film sample to a photodetector, we obtained both the
ASE intensity and the change in absorbance of the pump beam (532 nm)
simultaneously for a DO11/PMMA thin film sample as shown in Figure 8.4.
The ASE intensity is converted to the population of undamaged DO11 using
Equation 8.7 and normalized. The time dependence of the ASE intensity shows a
single-exponential-like decay as observed in previous ASE studies [9, 51, 53, 55];
but, the change in absorbance exhibits a non-exponential decay as observed
with linear absorption spectroscopy using a cw laser as the pump laser.
The cause of this difference can be understood as follows. Excited dye
molecules may return to their ground state by emitting photons or releasing
energy through non-radiative relaxation, which may result in reversible or
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Figure 8.4: A 9 g/L DO11/PMMA thin film was irradiated with a pulsed
laser with wavelength 532 nm at a peak intensity of 0.19 W/cm2. The power
of both the ASE light and the transmitted pulsed laser beam were recorded
simultaneously. The transmitted pulsed laser beam was converted to a change in
absorbance and the ASE intensity was converted into a normalized population
of the undamaged DO11 molecules.
irreversible damage. According to Equation 8.6, the ASE intensity originating
from the center of the focus will be brightest and drop off as a power law as
a function of distance from the center of the focus. The ASE intensity also
decreases as a power law of the pump intensity that reduces as an exponential
function of the depth of the sample according to Lambert-Beer law. Thus, dye
molecules in the most highly excited regions have the highest probability of being
stimulated to emit photons, and thus are less likely to relax non-radiatively,
which may suppress damage. In other words, ASE induces de-excitation, which
decreases the time that molecules remain in the excited state, thus quenching
non-radiative processes that lead to damage. A similar scenario can be found
in second harmonic generation (SHG) microscopy, which does not require the
population of excited-state dye molecules and thus the photostability of dye
is improved [23, 24]. On the other hand, excited dye molecules in the darker
regions will have longer lifetimes of their excited state, allowing for nonradiative
transitions that result in reversible and irreversible photodegradation. This
hypothesis will be further examined in future work. As such, the ASE probes
only the population of (excited) dye molecules that emit stimulated photons
along the narrow line of ASE. However, the transmitted pump beam experiences
absorption from all dye molecules and damaged dye species. These two methods
give different decay behavior because they probe different populations. Note
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that the recovery of ASE intensity is a stretched exponential function of time,
though still probing the portion of molecules that emit stimulated photons,
independent of the pump laser (cw or pulsed) used to induce photodegradation
as shown in Figure 8.1 and 8.2.
Another factor that may cause the difference in decay probed with ASE and
linear absorption spectroscopy is the change of the environment of DO11 during
decay. Since reversibly- and irreversibly-damaged dye species and thermally-
degraded polymers are forming during decay, the fresh DO11 molecules
experience different environments which may affect the efficiency of ASE.
For example, there is no ASE signal observed in DO11/PS of the same dye
concentration under the same pump condition as does in DO11/PMMA. In
other words, Equation 8.6 and 8.7 are accurate for pristine DO11/PMMA, but it
may not hold as sample decays. This may be difficult to verify since it requires
known amount of each damaged species in the sample to determine the relation
between the ASE intensity and the pump intensity. Nonetheless, it may not be
a large effect in the early times of the decay as long as the amount of damaged
products is still small along the narrow line of ASE.
To summarize, the photodegradation rate in DO11/PMMA is reduced when
stimulated emission takes place. According to Equation 8.6, for fixed pump
intensity, the ASE intensity increases as a nonlinear function of the DO11
concentration. As a result, the decay rate decreases as dye concentration
increases when ASE is continuously generated during decay [50, 53]. This
explanation does not require the CCDM to be invoked, which attributes the
decreasing decay rate with increasing average domain size as the concentration
increases [50, 53]. Thus, the difference in the concentration dependence of
photodegradation of DO11/PMMA observed in the literature [50, 53] and
Figure 8.3 is reconciled. Consequently, the conclusion obtained from the decay
process accompanied with ASE should not be applied in the decay process
without ASE taking place.
In TIM experiments, photodegradation of a dye-doped polymer sample is
typically induced by a cw pump laser, and thus is not accompanied with ASE
[50, 52]. TIM measurements use a wide range of pump intensity and typically a
high average pump intensity (e.g. a peak intensity at 120 W/cm2 [60]) due to
low signal-to-noise ratio, which can cause a great amount of heat. In contrast,
the pulsed laser used in ASE experiments has an average pump intensity of
about 0.2 W/cm2 [53], inducing less heating and therefore not exciting damage
mechanisms that may come into play at higher average intensity and affect
the decay and recovery kinetics (e.g. different degraded products might react
with reversibly-damaged dye species). The CCDM, which was developed from
studies in photodegradation and recovery accompanied with ASE [53], was
later modified by introducing an irreversible photodegradation process based
on the observation in TIM experiments [16, 57, 60]. The modified CCDM
treats the reversible photodegradation with and without the accompany of ASE
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using the same set of rate equations [16, 57, 60], which disregards the change
in nonradiative decay pathways of the excited dye molecules. The modified
CCDM also treats the reversible photodegradation observed under all pump
intensities with the same set of rate equations [16, 57, 60], which implies the
assumption of all observations obeying the same kinetic model. The calculated
absorption cross section of the reversibly-damaged dye species, which is a fit
parameter used in the modified CCDM for fitting the decay and recovery data
obtained by TIM measurements, is close to that of pristine DO11 [60], which
differs substantially from the conclusion in Chapter 6 and calculated results in
Appendix A. The disagreement between TIM measurements and the current
work will be discussed in Appendix E.
8.3 Kinetics of the recovery process
We further investigate the temperature dependence of reversible photodegra-
dation in DO11/PMMA using linear absorption spectroscopy with a 532 nm
Figure 8.5: Changing absorbance at 460 nm relative to pristine DO11/PMMA
thin film samples with concentration of 9 g/L at various temperatures. All
samples were irradiated with a 532 nm wavelength cw laser of 2.09 W/cm2 peak
intensity for 40 minutes, then kept in the dark during recovery. The inset is the
first 70 minutes with a linear time scale.
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wavelength cw laser of 2.09 W/cm2 peak intensity. Figure 8.5 shows a plot of
the change in absorbance relative to each pristine sample at various temperature.
The thickness of all samples used for this data set is estimated to be 27.1±0.6
µm except for the sample used in the 40 ◦C experiment, which has a thickness
of 30.3 µm. The estimation method for the sample thickness is described in
Appendix C.
8.3.1 The decay process
Figure 8.5 suggests that the decay rate does not increase monotonically with
temperature, even if we disregard the data at 40 ◦C since it has about 10%
deviation in thickness. Figure 8.6 shows photodegradation measurements of
DO11/PMMA at various temperatures for a longer period of time. The thickness
of all samples used for this data set is estimated to be 26.9±0.6 µm, except for
the one used in the 25 ◦C experiment, which is 25.8 µm thick. Clearly the decay
rate at early times, as seen in the inset, increases as temperature increases from
Figure 8.6: Change in absorbance at 460 nm relative to a pristine DO11/PMMA
thin film samples of 9 g/L concentration at various temperatures. All samples
were irradiated with a cw laser of 532 nm wavelength with 2.09 W/cm2 peak
intensity for 120 minutes. The inset shows the change in absorbance during the
first 10 minutes of irradiation.
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25 to 40 ◦C, but decreases as the temperature is increased to 50 ◦C and 60 ◦C.
However, the decay rate monotonically increases with temperature at longer
irradiation times.
The reversible decay rate of DO11/PMMA was previously assumed to be
inversely proportional to the domain size, N , and is given by αIpump/N . As
temperature increases, the CCDM predicts that the domains become smaller,
so the decay rate increases with temperature [50, 53]. The CCDM was later
modified to include an irreversible decay process that was first observed in the
TIM experiment [16, 57, 60]. The irreversible decay rate was assumed to be
of the form, εIpumpN , where ε is the irreversible decay parameter [16, 57]. In
this model, the irreversible decay rate decreases as the temperature increases
due to the reduced domain size. A fit of the data to the modified CCDM finds
that the reversible decay parameter α is about 2000 times larger than ε [57].
The average domain size of DO11/PMMA with concentration 9 g/L can be
calculated according to the literature [55] and is about 32 dye molecules. Thus,
the average reversible decay rate is about 2 times of the average irreversible
decay rate for a 9 g/L DO11/PMMA sample. The reversible and irreversible
decay rates are approximately the same when the concentration of DO11 is about
13 g/L. Additionally, the recovery rate β′N , where β′ is the recovery parameter,
decreases as temperature increases. Thus, photodegradation is dominated by
the reversible decay in both CCDM and modified CCDM with the concentration
of DO11 used in this investigation and previous studies (with the highest
concentration of DO11 at 12 g/L) in the kinetics of reversible photodegradation
in our group [16, 50, 51, 53, 55–57, 60]. This implies that the decay rate
should increase monotonically with temperature, which is contradicted by the
observation in Figure 8.6.
In the PTCR hypothesis, thermal energy accelerates all chemical reactions
including reversible and irreversible decay and recovery. The non-monotonic
temperature dependence of the absorbance change during the early stage of the
decay process can be understood as a result of the competition between the
recovery process and both decay processes. Long-time decay results in more
irreversibly-damaged species and less reversibly-damaged species; therefore
the recovery process can no longer compete with the decay processes and the
decay rate increases as temperature increases. Due to the complexity of the
non-exponential behavior of the time-dependence of the decay and recovery
processes, the kinetics of the decay process will require additional studies that
go beyond the scope of this dissertation. We will thus focus on the kinetics of
the recovery process.
8.3.2 The recovery process
The microscopic explanation for the stretched exponential response functions
observed in supercooled liquids has remained an unsolved puzzle for more than
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Figure 8.7: Illustration of the spatial heterogeneity of a DO11/PMMA sample
after irradiation. The orange ellipses could be fresh DO11, reversibly-damaged
or irreversibly-damaged dye species, and the light blue lines could be pristine
polymer chains or thermally-degraded polymer segments. The reversibly-
damaged dye molecules recover at different rates β1, β2, β3 · · · βn depending
on the local environment.
a century [149, 150]. The stretched exponential kinetics was demonstrated
by dynamic hole burning using nuclear magnetic resonance, photobleaching
(orientational hole burning) and dielectric and magnetic (non-resonance)
hole-burning; and by time-dependent emission energies (solvation dynamics),
temperature dependence for molecular translational and rotational time scales,
and photochromic probe molecules [150–152]. A reversible chemical reaction
of a photochromic molecule doped in a polymer matrix exhibits the stretched
exponential kinetics which was described by an energy barrier model [153]. We
apply this model to analyze the recovery process observed in Figure 8.5 in the
follows.
Due to the spatial heterogeneity of the polymer host, dopant dye molecules
experience a continuous distribution of environments that affect material
parameters such as decay and recovery rates, as illustrated in Figure 8.7 for the
recovery process. Assuming that the reversibly-damaged species must overcome
an energy barrier, Eb, to return to the pristine dye molecule, the recovery rate
β is given by
β (Er) = ν0 exp [− (Eb − Er) /kBT ] , (8.9)
where ν0 is the frequency factor, which is related to the frequency of molecular
collisions and the probability of proper molecular orientations for the reaction,
Er is the ground state energy of the reversibly-damaged dye species, kB is
Boltzmann constant and T is the absolute temperature. The activation energy
is then given by Eb − Er.
Assuming that the maximum of the energy barrier and the ground state
energy of the reversibly-damaged species fluctuate statistically due to the spatial
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heterogeneous environment with a Gaussian distribution characterized by its
width ω. For the mathematical convenience, the fluctuation of the activation
energy can be merely attributed to the Gaussian distribution of the ground
state energy
G (Er) =
1√
2piω
exp
[
− (Er − 〈Er〉)
2
2ω2
]
. (8.10)
The average ground state energy is assumed to be 〈Er〉 = 0 by appropriate
choice of an energy offset. The change in absorbance with respect to the one
taken at the time the pump laser turned off, t0, can be expressed as
∆At0 (t > t0) = A (t)−A (t0)
= (A0 −Ar)nr (t0) ·{
1−
ˆ ∞
−∞
G (Er) exp [−β (Er) (t− t0)] dEr
}
, (8.11)
where nr is the fraction of reversibly-damaged dye species and Ar and A0 are
respectively the absorbance of the reversibly-damaged dye species and the fresh
dye defined in Equation 8.1.
0.04 0.05 0.06 0.07 0.08 0.09 0.10
0.20
0.25
0.30
0.35
0.40
0.45
0.50
St
re
tc
he
d 
ex
po
ne
nt
 
Gaussian width (eV)
20 25 30 35 40 45 50 55 60 65
0.25
0.30
0.35
0.40
0.45
0.50
St
re
tc
he
d 
ex
po
ne
nt
 
Temperature ( oC)
(a) (b)
Figure 8.8: Fitted stretched exponent as a function of (a) temperature and (b)
Gaussian width.
Fitting the time-dependence of the recovery data between 459 and 461
nm obtained subsequent to 40 minutes of irradiation at various temperatures
to Equations 8.4 and 8.11, we obtain the fitting parameters η and 1/τ from
Equation 8.4 and ω and the activation energy from Equation 8.11, as shown in
Figures 8.8 and 8.9. The recovery rate, β (Er = 0), is calculated from the fitting
parameters and plotted in Figure 8.9(b). The frequency factor ν0 = 1.14× 1014
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Figure 8.9: (a) Gaussian width ω and the activation energy in Equation 8.11.
(b) Recovery rate β (Er = 0) calculated using Equation 8.9 and inverse recovery
time constant 1/τ as defined by Equation 8.4.
min-1 was found to fit all recovery data for all temperatures, though it may
vary slightly with temperature, as reported in the literature [153].
The stretched exponent η is typically found in the range of 0 < η ≤ 1 and
represents the breadth of the distribution of the underlying time constants, τ .
When η = 1, the stretched exponential function is a single exponential function
with a single time constant. As η decreases, the stretched exponential function
includes a broader distribution of single exponential functions of various time
constants [154]. Relaxation for supercooled liquid is characterized by η (T )→ 1
at high temperature and decreases monotonically to η (T → Tg) < 1 as the
temperature decreases to the glass transition temperature, Tg, then stabilizes at
η (Tg) when the temperature is below Tg, since the solution at high temperature
is a homogeneous liquid solution and the structural variation increases as the
temperature drops and reaching a constant after Tg [149, 155].
While most studies focus on the relaxation of glassy solids at, near, or above
Tg, the interaction between dopant and host in a guest-host system may affect
the relaxation of the dopant and host. The observation in Figure 8.8(a) indicates
the distribution of the recovery time constants spreads when the temperature
increases, which is in agreement with the reversible chemical reaction observed
in a photochromic molecule-doped polymer [153], though the reason was not
explained. There are many possible sources of inhomogeneity that could lead
to an increase in the breadth of the distribution of sites. For example, the
distribution of void sizes broadens as temperature increases, so mechanisms of
healing that are affected by molecule/polymer interactions would be similarly
broadened. If domains of molecules, as illustrated in Figure 8.7, are involved,
similar broadening would be expected to be observed. Note that domains
of molecules in a polymer matrix are independent from the CCDM which
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is a kinetic model that relates the concept of domains with the reversible
photodegradation process. In addition, larger amount of the irreversibly-
damaged species produced at higher temperature may also contribute to the
inhomogeneity of the environment. Figures 8.8(a) and 8.9(a) show that η
decreases and the Gaussian width ω increases as the temperature rises, and thus
η decreases as ω increases as seen in Figure 8.8(b). These observations imply that
the inhomogeneity of the dye-doped polymer matrix increases as the temperature
rises in the temperature range in this study. However, the the activation energy
increases with temperature as shown in Figure 8.9(a) is inconsistent with an
energy barrier process that is governed by a characteristic energy, which should
remain constant. Although the recovery rate β and the inverse recovery time
constant 1/τ are observed to increase with temperature shown in Figure 8.9(b),
as expected for an energy barrier process, their behaviors diverge further as the
temperature increases. While the energy barrier model successfully describes
the reversible chemical reaction observed in the literature [153], it comes up
short in the analysis of reversible photodegradation of DO11/PMMA.
The temperature dependence in both η and 1/τ comes from a phenomenologi-
cal expression, given by Equation 8.4, and the energy barrier model is applied to
modeling the behavior of η and 1/τ . Hence, the increase of heterogeneity
of the recovery process and the increase of the recovery rate (1/τ) with
temperature shown in Figure 8.8(a) and 8.9(b) are measured properties of
the material independent of the kinetic models that are later applied. However,
the temperature dependence of 1/τ disagrees with the CCDM, which correctly
predicts that the recovery rate decreases with increasing temperature as observed
from fitting the recovery of ASE intensity in bulk DO11/PMMA samples
measured at temperatures between -10 ◦C and 60 ◦C to a single exponential
function [50, 55]. To prevent photodegradation caused by the pulsed laser
used in ASE probing, the number of data points taken is limited, making
the fit to a single exponential function appear good. Furthermore, the single-
exponential-like CCDM is heavily weighted by the long-time behavior of the
recovery process as shown in Figure 8.2. The assumption of a single exponential
recovery and the limited number of data points might mask the stretched
exponential form and yield parameters that contradict those determined with
absorbance measurements.
Figure 8.10 shows a plot of a stretched exponential function used to model
the recovery process of a system prepared with an initial population of only
reversibly-damaged dye species that fully recovers. The stretched exponential
recovery function at t > τ agrees with the CCDM, i.e. the recovery rate
increases as temperature decreases (corresponding to increasing η). However,
at t < τ , the recovery rate increases with temperature which disagrees with the
CCDM. Note that the magnitude of recovery in the region t > τ is only 1/e of
the full magnitude of recovery.
The failure of the energy barrier height to remain constant may be due to
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Figure 8.10: Stretched exponential recovery as a function of time for several
stretched exponents, η. n0 is the fraction of dye that is undamaged.
the assumption of a Gaussian distribution of the ground state energy. The
divergence between β and 1/τ in Figure 8.9(b) suggests that the the distribution
of β obtained from the energy barrier model does not agree with the distribution
of recovery rates when re-constructed from the stretched exponential function,
which is known to be difficult [154]. Using Equation 8.11, the density of states
of the reversibly-damaged dye species can be expressed as
ρr (t, Eb) ∝ (A0 −Ar)nr (t0)G (Er) exp [−β (Er) (t− t0)] . (8.12)
By analyzing the absorbance data at 460 nm, the wavelength that further decay
of the reversibly-damaged species is negligible as described in Appendix A, the
calculated ρr (t, Eb) corresponds to the portion of reversibly-damaged species
that recovers but not decays into irreversibly-damaged species.
Figure 8.11(a) shows ρr (t0, Eb) after 40 minutes of irradiation at different
temperatures and after 120 minutes of irradiation at 25 ◦C. The population of
reversibly-damaged dye species decreases as temperature is increased except for
the sample used at 40 ◦C, which is thicker than the others. Figure 8.11(b) shows
normalized ρr (t0, Eb). At 25 ◦C, ρr (t0, Eb) after 120 minutes of irradiation,
the energy barrier and its width are close to the one obtained at 33 ◦C after
40 minutes of irradiation. Figure 8.12 shows the evolution of ρr (t, Eb) during
recovery after 40 minutes of irradiation at 25 ◦C and 60 ◦C. Notice that
the population with lower activation energy recovers sooner than the ones
with higher activation energy, and the peak of the remaining population of the
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Figure 8.11: (a) Density of states of the reversibly-damaged dye species ρr (t0, Eb)
at various temperature after 40 minutes of irradiation. (b) Normalized ρr (t0, Eb).
The “long exposure” curve is obtained from the recovery data after 120 minutes
of irradiation at 25 ◦C.
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Figure 8.12: Density of states of the reversibly-damaged dye species evolving
over time subsequent to 40 minutes of irradiation to damage the sample at (a)
25 ◦C and (b) 60 ◦C.
reversibly-damaged species shifts to higher activation energy. These observations
suggest that the increasing activation energy with temperature is possibly a
result of the loss of the reversibly-damaged dye species with lower activation
energy when the sample is still exposed to the pump laser. Since the population
with lower activation energy recovers quickly, the remaining reversibly-damaged
dye species after the pump laser is turned off is populated predominantly in a
local environment of higher activation energy, which causes β to deviate from
1/τ as seen in Figure 8.9(b).
The correct density of states, rather than being a Gaussian distribution,
may have a long tail at high activation energy. By inspecting Figure 8.11(a),
we speculate that the population of the reversibly-damaged dye species at lower
temperature is dominated by the population associated with lower activation
energy and the contribution from the long tail at the high activation energy end
may be negligible, so the Gaussian width is efficiently narrower when the data is
forced to fit a Gaussian distribution. As temperature increases, the contribution
from the long tail at high activation energy becomes more significant, so the
Gaussian width increases when forced to fit to a Gaussian distribution. The
observed stretched exponential recovery implies that a distribution of sites is
contributing to the process so it is likely that stretched exponential behavior will
be observed during photodegradation. The kinetics of reversible and irreversible
photodegradation requires further study to resolve these issues.
Chapter 9
Conclusion
Previous studies in reversible photodegradation of DO11/PMMA using amplified
spontaneous emission (ASE) and transmittance image microscopy (TIM)
techniques led to the (modified) correlated chromophore domain model
(CCDM), which describes the time dependence of reversible and irreversible
photodegradation and recovery with an ensemble average of single-exponential-
like functions using a distribution of domains [16, 50, 53, 57]. Using linear
absorption spectroscopy as a probe, a stretched exponential time dependence
is observed for the recovery process. Photodegradation may also involve a
stretched exponential time dependence, but this hypothesis was not tested.
Orientational hole burning [51] and “normal” diffusion [52, 54] have been
ruled out as possible mechanisms responsible for reversible photodegradation in
earlier studies from our group, and both “normal” and “anomalous” diffusion are
excluded as the responsible mechanisms for the observed stretched exponential
recovery in this study.
In this dissertation, we proposed a series of photothermal-induced chemical
reactions (PTCR) as the responsible mechanism for reversible photodegradation
of 1-substituded aminoanthraquinones-doped polymers. In the PTCR
hypothesis, the photodegradation of dye is caused by (photo)chemical reactions
between fresh dye molecules and thermally-degraded polymers, and recovery
is due to the metastable (photo)chemical reaction products returning back to
fresh dye. It is also proposed that both reversible and irreversible damage
to 1-substituded aminoanthraquinones occur in the carbonyl group adjacent
to the amine group. The PTCR hypothesis is qualitatively verified by
the agreement between calculated oscillator strength and the corresponding
excitation energy of the pristine and possible damaged dye species using time-
dependent density functional theory (TD-DFT), and experiments using linear
absorption spectroscopy and Fourier transform infrared (FTIR) spectroscopy.
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The PTCR hypothesis also suggests that reversible photodegradation of dye
molecules may occur in dye dissolved in liquid monomer solutions, and the
present studies have provided supportive evidence. In contrast, previous studies
found that photodegradation of DO11 dissolved in dimethylformamide solution
is fully irreversible [49], an observation that was used in the development of the
CCDM, in which domains assist the recovery process [53].
Reversible photodegradation in DO11/PMMA probed simultaneously with
ASE and linear absorption spectroscopy confirmed that the observed stretched
exponential time dependence of the recovery process is the same one observed
in previous ASE studies. Studies of the recovery of DO11/PMMA using ASE as
a probe is found to fit the stretched exponential function better than previously
fit to the CCDM [53].
Photodegradation of DO11/PMMA irradiated with a cw laser and probed
with linear absorption spectroscopy is found to decay at a faster rate at higher
dye concentration, which agrees with the PTCR hypothesis but contradicts
previous observations when the sample is pumped with a pulsed laser and
probed using ASE [50, 53]. By comparing the decay of the ASE intensity
and absorption of the pulsed pump laser beam during photodegradation of
DO11/PMMA and finding them to behave differently leads us to propose that
the disagreement originates from the reduced degree of non-radiative relaxation
when ASE dominates over the other pathways. Hence, the kinetic relation, i.e.
rate equations, of photodegradation in the same material may vary depending
on whether the irradiation is accompanied with ASE. This observation also
indicates that the kinetic model developed from ASE experiments, the CCDM,
is not necessarily applicable for situations where ASE is absent.
The PTCR hypothesis suggests an energy barrier mechanism for the kinetics
of decay and recovery since chemical reactions are usually accelerated at
elevated temperatures. In this scenario, the reversibly-damaged dye species must
overcome an energy barrier to return to the ground state of the pristine dye.
The decay rate in DO11/PMMA is a non-monotonic function of temperature at
early stages of photodegradation, then the decay rate monotonically increases
with temperature at long times. This is explained by the varying amounts of
reversibly-damaged products at different stages of photodegradation and the
competition between the decay processes (reversible and irreversible decay rates)
and the recovery process (recovery rate) at various temperatures described by
an energy barrier mechanism. The temperature dependence in the recovery time
constant obtained from stretched exponential fits is also consistent with the
energy barrier mechanism in the temperature between 25 ◦C and 60 ◦C studied
in this work. These results disagree with the CCDM, which predicts slower
recovery at higher temperature and is supported with a single exponential
function fits to recovery measurements in DO11/PMMA probed with ASE
between -10 ◦C and 60 ◦C [50, 53, 55]. The disagreement may originate from
the limited number of data points collected to prevent photodegradation caused
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by the pulsed laser used to generate the ASE probe light.
A simple energy barrier model [153] is applied to analyze the temperature
dependent recovery of DO11/PMMA by assuming a Gaussian distribution
of activation energies. The final results do not fully agree with the energy
barrier model, and a possible cause is that the energy barrier may not be
a Gaussian distribution. Nonetheless, the failure of this analysis does not
eliminate the energy barrier model, which is supported by the phenomenological
results (stretched exponential fits) of the temperature dependent recovery time
constant.
Outlook
Photostability of dyes, polymers and doped polymer materials is an important
criteria for applications that require light exposure as discussed in Chapter
1. Although the proposed PTCR hypothesis is qualitatively verified by this
study, the reversibly- and irreversibly-damaged species are not determined. In
addition, the principle of PTCR may be generalized to other doped polymer
materials exhibiting reversible photodegradation. According to the PTCR
hypothesis, the key to prevent photodegradation of dopants in doped polymers
is to eliminate the possibility of (photo)chemical reactions between dopants
and thermally-degraded polymers taking place, in addition to the effects of
oxygen, moisture etc. Thus, a more robust doped polymer material can be
made by reducing the probability of non-radiative relaxation from dopants,
increasing the thermal degradation temperature of the polymer host, increasing
the heat dissipation rate of polymer chains, selecting proper dopants that do not
react with thermally degraded polymers under the operating condition (if local
thermal degradation of polymer chains is not a concern) etc. An interesting
perspective is that the probability of non-radiative relaxation from dopants may
be reduced by providing the excited dopants other relaxation pathways such
as stimulated emission, which provides a way to simultaneously achieve high
optical output and photo-stable doped polymers.
The energy barrier picture is qualitatively supported by experimental
results, but a simple model has failed to describe the observed behavior
during recovery of photodegraded DO11/PMMA. The distribution of recovery
rates (possibly reversible and irreversible decay rates as well), which are
determined by the distribution of the activation energy, should originate from
the spatial heterogeneity of the dye-doped polymer. Thus, the role of the
spatial heterogeneity of doped polymers is to be explored. Does the spatial
heterogeneity affect the nonradiative decay of an excited dopant? Does the
energy transfer or dissipation in the material depend on the spatial heterogeneity?
For example, some configurations of dopants and the host polymer may result
in fast dissipation of photon energy absorbed by dopants and thus reduce the
decay rate, while other configurations may result in preserving the energy locally
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and thus increase the decay rate. Answers to these questions help advancing
the understanding in the science of spatial heterogeneous materials and may
provide new perspectives and avenues to applications. To reconstruct the rate
distribution from the experimental results is known to be a difficult task [154].
Studying the distribution and structures of dye molecules in polymer hosts
may provide a better insight for understanding the microscopic origin of rate
distribution, a problem that is more than a century old.
Appendix A
Absorbance of photodegraded
dye species
The absorption band of 1AAQ in the visible regime is known to originate from
intramolecular charge transfer (ICT) between the amine group and carbonyl
groups [63]. From the results of TD-DFT calculations in Chapter 6, the oscillator
strength and absorption peak position of degraded DO11 only agree with the
experimental results when the ICT between the amine group and the neighboring
carbonyl group becomes forbidden by breaking the double bond of the carbonyl
group adjacent to the amine group, leaving both carbon and oxygen atoms singly
bound to fragments of decomposed polymer. TD-DFT calculations also suggest
that the absorption spectrum in the visible band is not sensitive to what is singly
bound to the carbon and oxygen atoms upon photodegradation as illustrated
in the PTCR hypothesis in Chapter 2, which implies that there could be
multiple reversibly- and irreversibly-damaged products exhibiting similar visible
absorption spectra. In this appendix, we qualitatively verify the absorbance
of reversibly- and irreversibly-photodegraded dye species from experimental
results by assuming that there is effectively one reversibly-damaged species and
one irreversibly-damaged species, and further discuss the conversion between
these three species (including the pristine dye) during decay and recovery. It is
also assumed that the damage to the polymer does not contribute to the probed
UV-Vis absorption spectrum, i.e. it excludes the possibility of any absorption or
light scattering due to scattering centers generated from damaged polymer. The
calculated absorbance can be regarded as the results of the dominant damage
products or the average of several products with similar absorbance.
The absorbance A measured during decay and recovery at time t can be
expressed as
A(t) = n0(t)A0 + nr(t)Ar + nirr(t)Airr, (A.1)
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where n0, nr, nirr, and A0, Ar, Airr are the fraction and the absorbance of
fresh, reversibly-damaged and irreversibly-damaged dye species, respectively.
Since we assume that dye molecules only convert between three species, we
can obtain A0 and Airr experimentally by taking the absorption spectra of
a fresh sample and a sample that has been exposed to the pump laser for a
long enough time such that the absorption spectrum no longer changes. The
maximum fraction of irreversibly-damaged dye molecules nirr(t→∞) ≡ n∞irr
can be determined in a recovery experiment by the absorbance at the time that
recovery approaches completion,
A(t→∞) = n0(t→∞)A0 + nirr(t→∞)Airr = A0 + n∞irr(Airr −A0), (A.2)
where we have used the assumption that the presence of only three species
yields n0(t) + nr(t) + nirr(t) = 1 and nr(t→∞) = 0. Thus, n∞irr, A0, and Airr
are obtained experimentally. The absorbance of the reversibly-damaged species
Ar, however, depends on how the three species convert into each other and can
be calculated by rewriting Equation A.1 at the time, t0, that the laser is turned
off,
Ar =
A(t0)− n0(t0)A0 − nirr(t0)Airr
nr(t0)
. (A.3)
If we further assume that nirr is a constant after the pump laser is turned off,
i.e. nirr(t ≥ t0) = n∞irr, which implies that the reversibly-damaged species only
recovers back to the fresh dye but does not decay further into the irreversibly-
damaged species as illustrated in Figure A.1(a). With this assumption, nr (t0)
and nirr (t0) are constants proportional to the change in absorbance when
Figure A.1: n0, nr and nirr are the fraction of fresh, reversibly-damaged
and irreversibly-damaged dye species, respectively. (a) The fresh dye may
photodegrade to both damaged species and the reversibly-damaged species only
recovers to the fresh dye but does not decay further to the irreversibly-damaged
species. (b) The same as (a) but the reversibly-damaged species may recover to
the fresh dye or decay to the irreversibly-damaged species.
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the recovery approaches completion as nr and nirr shown in Figure A.2, thus
Ar can be calculated from Equation A.3. This assumption can be relaxed
to nirr(t ≥ t0) ≤ n∞irr, in which case the reversibly-damaged species may
either decay to the irreversibly-damaged species or recover to the fresh dye as
illustrated in Figure A.1(b), and nr (t0) and nirr (t0) can be numerically adjusted
to generate Ar using Equation A.3. Notice that the total fraction of damaged
molecules after the laser is turned off at time t0, nr(t ≥ t0) + nirr(t ≥ t0), in
the later case is not necessarily the same as in the former case since nr (t0) can
convert into n0 and nr.
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Figure A.2: Change in absorbance of DO11/PMMA during recovery at 2.57 eV
(482 nm). The sample was irradiated with a 532 nm cw laser for 12 minutes
then kept in the dark.
In practice, Ar and Airr were determined from two individual experiments,
i.e. we used two samples or one sample but at two different spots on the sample,
since Ar requires the damaged sample to recover and Airr requires the sample
to be irreversibly damaged. Two white light probe sources were used at different
periods of data collection: all Airr’s were obtained using the Ocean Optics PX2
pulsed lamp, and all Ar’s were obtained using the Ocean Optics LS1 lamp.
These factors increase the experimental uncertainty in addition to the noise
from a single white light source and the spectrometer. However, we can still
determine approximately the absorption spectra of the damaged species.
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A.1 DO11/PMMA
Airr of a 9 g/L DO11/PMMA sample was approximated by the absorption
spectrum obtained after 59 minutes of irradiation using a 532 nm cw laser with
peak intensity of 37.56 W/cm2 as shown in FigureA.3(a). The changing peaks
of absorbance at 2.57 eV (482 nm) and 3.09 eV (401 nm) during 59 minutes of
irradiation are shown in Figure A.3(b).
In the recovery experiment, a sample with the same concentration was
irradiated using the same laser with a peak intensity 2.09 W/cm2 for 12 minutes
then kept in the dark. The change of absorbance at 2.57 eV (482 nm) is shown
in Figure A.2. The absorption spectra between 2520 and 2550 minutes were
averaged as an approximation of A(t → ∞) in Equation A.2, and A(t → ∞)
between 477 nm and 487 nm were used to determine the averaged ratio of n1/n2.
Using Equation A.2 and Figure A.3(a), nirr can be determined and also averaged
between 477 nm and 487 nm. Thus, Ar is determined using Equation A.3 with
the assumption that nirr(t ≥ t0) is constant, as A(1)r shows in Figure A.4(a). A
large deviation between A(1)r and Airr near the UV region is observed indicating
that absorbance between reversibly- and irreversibly-damaged dye species are
more distinguishable there than in the visible region. However, this statement
is based on the assumption that there is (effectively) only one reversibly- and
one irreversibly-damaged dye species generated during photodegradation and
the damaged PMMA does not contribute to the absorption spectrum.
In the visible region, A(1)r and Airr are similar which is consistent with TD-
DFT calculations. The difference between A(1)r and Airr shown in Figure A.4(b)
indicates a peak at about 2.4 eV. The dip near 2.56 eV is a defect of the pulsed
white light source used to determine Airr. We further relax the assumption
nirr(t ≥ t0) = n∞irr (corresponding to Figure A.1(a)) to be nirr(t0) ≤ n∞irr
(corresponding to Figure A.1(b)) so as to allow the reversibly-damaged species
to either decompose to irreversibly-damaged species or recover to fresh dye.
We also assume that the total fraction of damaged molecules after time t0,
nr(t ≥ t0) + nirr(t ≥ t0), is the same as previously calculated, which may not
be true but used as a guess to study Ar. Two other values of nirr(t0) have been
chosen to calculate Ar, and we tabulate parameters n0, nr and nirr at time t0
in Table A.1 and add the calculated A(2)r and A(3)r in Figure A.4(a). A(1)r , A(2)r
and A(3)r in the visible region only differ from Airr in the low energy shoulder
near 2.4 eV as expected since the reversibly-damaged species is allowed to decay
into the irreversibly-damaged species.
Note that the difference between Ar and Airr is much smaller than that
between Ar and A0 in visible region as shown in Figure A.4(b), therefore
degradation of the reversibly-damaged dye species may be difficult to measure.
Figure A.5 shows the change in absorbance with respect to the spectrum taken
at the end of irradiation during recovery. The shoulder between 2.4 eV and 2.5
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Figure A.3: (a) A0 and Airr (adjusted according to the relative thickness of both
samples) of a 9 g/L DO11/PMMA thin film sample. (b) Change in absorbance
at 2.57 eV (482 nm) and 3.09 eV (401 nm) during decay.
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Figure A.4: (a) Absorbance of the pristine DO11/PMMA (A0), the reversibly-
damaged DO11/PMMA (A(1)r , A(2)r and A(3)r , depending on the pathway of
further decay described in the text) and the irreversibly-damaged DO11/PMMA
(Airr). A (t0) is the absorbance of DO11/PMMA sample measured at time t0,
at which time the pump laser was turned off. (b) Difference of absorbance
between the reversibly-damaged species and the reversibly-damaged species
A
(1)
r and A(3)r (see text and Table A.1), and between the pristine dye and the
reversibly-damaged species A(1)r .
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n0(t0) nr(t0) nirr(t0) nr(t ≥ t0) + nirr(t ≥ t0)
A
(1)
r 0.88258 0.07347
0.04395
(nirr(t ≥ t0) = n∞irr) 0.11742
A
(2)
r 0.88258 0.0879 0.02952 0.11742
A
(3)
r 0.88258 0.11742 0 0.11742
Table A.1: Fractions of three species n0, nr and nirr at time t0 that result in
the corresponding absorbance of the reversibly-damaged DO11/PMMA species
A
(1)
r , A(2)r and A(3)r shown in Figure A.4(a).
eV having nearly the same amplitude as the peak at about 2.57 eV in the first
minute (12 - 13 min) suggests certain amount of the reversibly-damaged species
decay to the irreversibly-damaged species. A much clearer result is observed in
a spin-coated 1AAQ/PMMA during the recovery in Figure 7.2. The difference
in absorbance between the reversibly- and irreversibly-damaged species is at
the region below 2.70 eV and above 3.40 eV as shown in Figure A.4(b), i.e.
the observed change in absorbance between 2.70 eV and 3.40 eV is due to the
reversibly-damaged species recovers back to the fresh dye.
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Figure A.5: Change in absorbance of a 9 g/L DO11/PMMA thin film relative
to the spectrum taken at the 12th minute, the time at which the pump beam is
turned off.
120 ABSORBANCE OF PHOTODEGRADED DYE SPECIES
A.2 DO11/PS
Airr of a 9 g/L DO11/PS sample was approximated by the absorption spectrum
obtained after 90 minutes of irradiation using a 532 nm cw pump laser with
peak intensity 35.01 W/cm2 as shown in Figure A.6(a). The changing peaks of
absorbance at 2.64 eV (470 nm) and 3.22 eV (385 nm) during 90 minutes of
irradiation are shown in Figure A.6(b).
In the recovery experiment, a sample with same concentration was irradiated
using the same laser with peak intensity 0.43 W/cm2 for 7 minutes then kept in
the dark. The change of absorbance at 2.64 eV (470 nm) and 3.22 eV (385 nm)
are shown in Figure A.7. The absorption spectra of the last 20 minutes were
averaged as an approximation of A(t → ∞) in Equation A.2, and A(t → ∞)
between 465 nm and 475 nm were used to determine the averaged ratio of
n1/n2. Using Equation A.2 and Figure A.6(a), nirr can be determined and
also averaged between 465 nm and 475 nm. Thus, A(1)r is determined using
Equation A.3 with the assumption nirr(t ≥ t0) = n∞irr (corresponding to Figure
A.1(a)) and plotted in Figure A.8. As we did for DO11/PMMA, we also loosen
the assumption to nirr(t ≥ t0) ≤ n∞irr (corresponding to Figure A.1(b)) and
tabulate n0, nr and nirr at time t0 in Table A.2, assuming that the total fraction
of damaged molecules after time t0, nr(t ≥ t0) + nirr(t ≥ t0), is the same as
previously calculated. The calculated A(2)r , A(3)r and A(4)r are plotted in Figure
A.8(a), and some of the difference in absorbance between different species are
shown in Figure A.8(b).
The absorbance of reversibly-damaged dye species varies drastically with
nr(t0) and nirr(t0) in the near UV region. Figure A.8(a) shows that only A(4)r
crosses the isosbestic point at 3.01 eV, which is obtained from decay measurement
as shown in Figure A.9 and Figure 5.8(a), among all Ar’s. This implies that no
irreversibly-damaged species was formed during the 7 minutes irradiation and
all the reversibly-damaged species degraded into reversibly-damaged species
after the pump laser was turned off. Though the isosbestic point provides a
constraint to estimate Ar, the uncertainty due to different samples and white
light probe sources used in the experiments as described earlier in this appendix
makes it difficult to determine Ar accurately. The result may also change if we
further relax the assumption that the total fraction of damaged dye molecules
after time t0, nr(t ≥ t0) + nirr(t ≥ t0), is a constant as shown in Table A.2.
Since the reversibly-damaged species can recover back to the fresh dye, nr(t0)
could be larger than what is obtained in Table A.2 as long as nirr(t ≥ t0) ≤ n∞irr
and the calculated Ar crosses the isosbestic point. Nonetheless, we can still
conclude from the above analysis that Ar is similar to Airr in the visible region
and there is a great portion of reversibly-damaged dye species further degraded
into irreversibly-damaged species in the DO11/PS sample after the pump laser
is turned off.
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Figure A.6: (a) A0 and Airr of a 9 g/L DO11/PS thin film sample. (b) Change
in absorbance at 2.64 eV (470 nm) and 3.22 eV (385 nm) during decay.
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Figure A.7: Change in absorbance of DO11/PS at 2.64 eV (470 nm). The
sample was irradiated with a 532 nm cw pump laser for 7 minutes then kept in
the dark except for the time intervals during which absorbance was measured.
The change of absorbance relative to the spectrum taken at t0 is shown in
Figure A.9. The changing absorbance peak at near 2.6 eV during recovery is
slightly red-shifted from that during decay. This can be rationalized by the
results from the difference of absorbance in Figure A.8(b). When the reversibly-
damaged species further decay into irreversibly-damaged species, a peak near
2.46 eV forms and the feature near 2.75 eV decays. Consequently the change
in absorbance after the pump laser is turned off, including a large portion of
further decay and a small portion of recovery, exhibits a red-shift. Notice that
if there is no recovery at all, the change in absorbance should behave like the
colored curves in Figure A.8(b). The isosbestic point moves from 3.01 eV during
decay to 2.93 eV during recovery, as seen in Figure A.9, which corresponds to
the isosbestic point between A0 and Ar’s and between Ar’s and Airr in Figure
A.8, respectively. The shift in the isosbestic point for DO11/PS is in excellent
agreement with the shift observed for DO11 in styrene as shown in Figure 5.9.
In this appendix, the absorbance of the reversibly-damaged dye species
of DO11/P-MMA and DO11/PS are calculated based on the experimental
results with simple assumptions. The results indicate that the reversibly- and
irreversibly-damaged dye species in each polymer host have similar absorption
spectra in the visible region, which is in agreement with the TD-DFT calculation
that is presented in Chapter 6.
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Figure A.8: (a) Absorbance of the pristine DO11/PS (A0), the reversibly-
damaged DO11/PS (A(1)r , A(2)r , A(3)r and A(4)r , depending on the pathway of
further decay described in the text) and the irreversibly-damaged DO11/PS
(Airr). A (t0) is the absorbance of DO11/PS sample measured at time t0,
at which time the pump laser was turned off. (b) Difference of absorbance
between the reversibly-damaged species and the reversibly-damaged species
A
(2)
r , A(3)r and A(4)r (see text and Table A.2), and between the pristine dye and
the reversibly-damaged species A(4)r .
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n0(t0) nr(t0) nirr(t0) nr(t ≥ t0) + nirr(t ≥ t0)
A
(1)
r 0.91412 0.01208
0.0738
(nirr(t ≥ t0) = n∞irr) 0.08588
A
(2)
r 0.91412 0.03624 0.04964 0.08588
A
(3)
r 0.91412 0.06039 0.02549 0.08588
A
(4)
r 0.91412 0.08588 0 0.08588
Table A.2: Fractions of three species n0, nr and nirr at time t0 that result in
the corresponding absorbance of the reversibly-damaged DO11/PS species A(1)r ,
A
(2)
r , A(3)r and A(4)r shown in Figure A.8(a).
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Figure A.9: Change in absorption spectrum of a 9 g/L DO11/PS thin film
relative to the spectrum taken at the 7th minute, the time when the pump laser
is turned off.
Appendix B
Molecular orbitals and
structures
The HOMO and LUMO electron density plots of the DO11 molecule and the
proposed reversibly (Figure B.1) and irreversibly (Figure B.2) degraded species
obtained by the TD-DFT calculations described in Chapter 6 are presented in
this appendix. The lone-pair electron clouds of the amine group in the DO11
HOMO are reduced in its LUMO and oxygen atoms of both carbonyl groups,
the center ring and the unsubstituted ring gain electron density in the LUMO.
However, for all reversibly- and irreversibly-damaged species proposed in the
PTCR hypothesis, the oxygen atom in the carbonyl group adjacent to the
amine group does not gain electron density in the LUMO, hence the electron
accepting power is lowered after photodegradation. As a result, the visible
absorption spectra of all reversibly- and irreversibly-damaged species proposed
in the PTCR hypothesis are similar due to the same portion of the ICT pathway
remaining, as illustrated in Figure 2.7.
The ground state molecular structures of the DO11 molecule and the
reversibly- and irreversibly-damaged species proposed in the PTCR hypothesis
are obtained from the ground state geometry optimization described in Chapter
6. The results and the calculated dipole moments are shown in Figure B.3.
Note that the amine group lies in the plane of the anthraquinone skeleton in
the pristine DO11 molecule, and it is slightly out-of-plane and in some cases
slightly twisted for the reversibly- and irreversibly-damaged species though it is
still fairly planar. This may cause the decrease in the IR absorption peak of
the in-plane NH2 scissoring vibration as discussed in Chapter 7.
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HOMO LUMO
DO11
DO11
tautomer
DO11
anion
DO11-MMA
DO11-
styrene
Figure B.1: HOMO and LUMO electron density of DO11 and the proposed
reversibly-damaged species. Red and blue lobes indicate the electron density
with opposite phases in the electron wavefunction. Colors in molecular structures:
black represents the carbon atom, gray is the hydrogen atom, red is the oxygen
atom and blue is the nitrogen atom.
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HOMO LUMO
DO11
irr2
irr1
irr3
Figure B.2: HOMO and LUMO electron density of DO11 and the proposed
irreversibly-damaged species. Red and blue lobes and colors in molecular
structures have the same meaning as in Figure B.1.
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DO11
(3.07 D)
irr2
(4.69 D)
irr1
(7.77 D)
irr3
(4.55 D)
DO11-MMA
(5.84 D)
DO11-styrene
(4.37 D)
Figure B.3: Molecular structures of DO11 and the proposed reversibly- and
irreversibly-damaged species optimized by DFT calculation. The calculated
dipole moment (Debye) for each species is indicated in the parentheses. Colors
in molecular structures have the same meaning as in Figure B.1.
Appendix C
Thickness of dye-doped
polymer films
The thickness of all dye-doped polymer films sandwiched between two glass
substrates and spin-coated on one glass substrate are estimated by the following
method [60] using DO11/PMMA as an example.
A nearly constant baseline of the absorption spectrum is found between 450
and 470 nm for a glass slide and for a PMMA thin film sandwiched between
two glass slides, which includes the effects of reflection and scattering. This
offset is noticeably enlarged in the short wavelength region (wavelength shorter
than 450 nm), but this does not affect the estimation of sample thickness since
the DO11 absorption peak is centered at 471 nm. The constant offset can
be obtained by averaging the spectrum in the long wavelength region, where
DO11/PMMA samples do not absorb, and is subtracted when calculating the
thickness of the thin film samples using the peak of the absorbance. The
absorption spectrum of DO11/PMMA has the same peak position as that of
DO11/MMA solution within the resolution limit of the spectrometer. The
extinction coefficient of DO11 is obtained by averaging the results from four
measurements of DO11/MMA liquid solutions with various concentrations. Note
that the absorption of PMMA in the visible region is negligible in thin film
samples. Thus, the thickness of DO11/PMMA thin films can be calculated
using Lambert-Beer law.
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Appendix D
Changes in the background of
the FTIR system
The long-time changes in the background of the FTIR system are examined
and compared with changes in the IR absorption peaks that do not belong to
PMMA and 1AAQ in Figure D.1. The changes in the background may originate
from pump oil depositing on the system.
A 1AAQ/PMMA spin-coated on a silicon substrate sample with concentra-
tion 105g/L was used in this control experiment. The sample was not irradiated
throughout the experiment. Figure D.1(a) shows the change of IR absorption
spectrum of 1AAQ/PMMA at the 1020th minute and the 2580th minute relative
to the spectrum acquired at the beginning of the experiment (the 0th minute),
and thus they are the changes in the background of the system. A similar
change in IR absorbance of a pure silicon substrate is also observed. Increasing
IR peaks at 1464 cm-1, 1716 cm-1, 1731 cm-1, and between 2850 and 3000 cm-1,
which are observed during recovery of 1AAQ/PMMA after photodegradation as
shown in Chapter 7, are observed in this control experiment. The IR absorption
bands at 1244 cm-1(belonging to PMMA), 1280 cm-1 and 1546 cm-1(belonging
to 1AAQ) are also observed to increase in this control experiment.
The recovery in IR absorption bands is distinguishable during the first 150 or
540 minutes, and the increase of the IR peaks due to changes in the background
of the system is only distinguishable starting at the spectrum taken at the 540th
minute as can be seen in Figure 7.6(b) and 7.7(b) in Chapter 7. Additionally,
there are no growing IR peaks observed in this control experiment at 1608 cm-1,
which corresponds to the stretching vibration of the C−O adjacent to the amine
group of 1AAQ, and at other frequencies corresponding to PMMA as observed
during the recovery of photodegraded 1AAQ/PMMA. Therefore, the long-time
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Figure D.1: (a) Comparison of change in IR absorbance of 1AAQ/PMMA during
recovery (42 and 1980 min) and the background signals of the FTIR system
(1020 and 2580 min). Peaks belonging to 1AAQ have wavenumbers circled
by hollow rectangles with colors corresponding to that in the 1AAQ structure
in (b). Peaks belonging to PMMA overlapping with the background signals
are highlighted by rectangles with colors corresponding to that in the PMMA
structure in (c). Peaks not belonging to PMMA and 1AAQ are illustrated with
structures (d) and (e) using dotted rectangles with the corresponding colors
shown in the structures.
CHANGES IN THE BACKGROUND OF THE FTIR SYSTEM 133
increasing IR absorption bands are most likely due to the FTIR system.
The smaller amplitude of the change in IR absorbance observed in this control
experiment than in the recovery experiment is possibly due to the renovation of
the FTIR system including changing the vacuum pump. If that does not account
for all the difference in amplitudes of the change in IR absorbance, the difference
could be understood with the following reasons. The increasing CH2 scissoring
band of hydrocarbons at 1464 cm-1, sp3 CH stretch between 2850∼3000 cm-1,
and C−O stretch at 1716 cm-1 after irradiation suggest molecules or segments
of polymer chains other than 1AAQ and PMMA are continuously formed
after irradiation. This is possibly due to dissociated MMA, radicals and other
fragments from reversibly-damaged dye species and PMMA reacting with each
other and with the unsaturated chain ends of PMMA as described in Section
2.4. According to Grassie and Scott, approximately 50% of PMMA molecular
chains have unsaturated chain ends [83], which can contribute to the increasing
CH2 scissoring band of hydrocarbons and the sp3 CH stretching vibration.
Unfortunately absorption bands of decreasing amplitude due to unsaturated
carbon-carbon bonds and the corresponding C−H bending vibrations are not
observed, perhaps hidden in the noise especially for wavenumbers below 1000
cm-1. Note that the results and discussions in Chapter 7 are not affected whether
this explanation is required here.

Appendix E
Disagreement between linear
measurements
As discussed in Chapter 8, studies of photodegradation and recovery of DO11/P-
MMA using linear absorption spectroscopy disagree with the modified correlated
chromophore domain model (CCDM) [16, 57], which was developed using data
from transmittance image microscopy (TIM) [16, 52, 56]. In this appendix,
we discuss the possible causes of the contradiction between the two linear
measurements.
In TIM experiments, the transmittance of a narrow band light-emitting
diode (LED) or a narrow wavelength range of a white light source selected with
optical filters through a DO11/PMMA thin film sample is monitored using a
charge-coupled device (CCD) during photodegradation or recovery [16, 52, 56].
The pump lasers used in TIM measurements are typically cw lasers with a
wavelength between 464 and 514 nm, though there are also experiments done
with pulsed laser at wavelength 532 nm [14, 16, 52, 60]. Irreversible damage
[50] was observed after photodegradation of DO11/PMMA in TIM experiments
in addition to the reversibly-damaged dye species observed in ASE experiments
[9, 51, 53]. The reversible photodegradation of DO11/PMMA studied using the
TIM technique was quantitatively described by the modified CCDM [16, 57]
with the evolution among three species, as schematically illustrated in Figure
E.1. The rate equations are given by
dn0
dt
= −
(
αIp
N
+ εIpN
)
n0 + β′Nnr,
dnr
dt
= αIp
N
n0 − β′Nnr, (E.1)
135
136 DISAGREEMENT BETWEEN LINEAR MEASUREMENTS
Figure E.1: Three species model with reversible decay rate αIp/N , recovery
rate β′N and irreversible decay rate εIpN . n0, nr and nirr are the population
fractions of undamaged, reversibly-damaged and irreversibly-damaged species,
respectively.
and
dnirr
dt
= εIpNn0, (E.2)
where α is the reversible decay parameter, β′ is the recovery parameter, ε is the
irreversible decay parameter, Ip is the pump intensity, N is the domain size, n0,
nr, nirr are the fraction of fresh, reversibly-damaged and irreversibly-damaged
dye species, respectively [16]. The domain distribution [53] is briefly reviewed
in Chapter 1.
As described in Chapter 8, the photodegradation of DO11/PMMA undergoes
different pathways with and without the accompany of ASE and thus exhibits
completely opposite concentration dependence. A wide range of pump intensity
in the order of 0.2 to 100 W/cm2 has been used in TIM experiments with a
wavelength between 464 and 532 nm [14, 16, 52, 60]. High pump intensity may
cause a large amount of heat accumulation and activate damage mechanisms
that are less possible to take place with low pump intensity. Different damage
mechanisms may produce various damaged dye and polymer species that may
affect the recovery process. The main issue with the modified CCDM is to
describe all observations with the same set of rate equations [16, 57, 60]
disregarding possible variations in the processes of photodegradation and
recovery and in the products of photodegradation.
The peak intensity used in TIM experiments is typically in the order of 100
W/cm2 at wavelengths between 464 and 514 nm (for example, 120 W/cm2 at
wavelength 488 nm was used as a pump [60]), but the peak intensity used in
linear absorption spectroscopy experiments is 2-40 W/cm2 at a wavelength of
532 nm. The absorbance of DO11/PMMA peaks at 471 nm; therefore, the
absorbed power in a TIM experiment at 488 nm can be about 20 to 300 times
greater than in linear absorption spectroscopy experiments, which results in a
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large difference in the amount of accumulated heat. It is important to study
the influence of the pump intensity on photodegradation of DO11/PMMA to
determine whether the damage mechanisms or products are affected by pump
intensity.
By fitting the decay and recovery data obtained from TIM measurements in
DO11/PMMA with pump intensity 120 W/cm2 at wavelength 488 nm to the
modified CCDM and taking into account the depth effect using the Lambert-Beer
law, incorporated with decay and recovery data obtained from linear absorption
measurements with lower pump intensity (possibly between 2-40 W/cm2) at
wavelength 532 nm, the absorption cross sections of the pristine DO11 molecule,
the reversibly-damaged and irreversibly-damaged species have been found [60].
Note that the absorption cross sections of both damaged species are found by
assuming that there is no substantial difference in reversible photodegradation
of DO11/PMMA with different pump intensities. The absorption cross section
is referred to the absorbance in this appendix since they are proportional for
the same species. The absorbance of the reversibly-damaged species, ATIMr ,
was found to be close to the absorbance of the pristine molecule, ATIM0 . ATIMirr ,
the absorbance of the irreversibly-damaged species, was found to be similar
to that obtained in Appendix A [60]. The calculated ATIMr suggests that
the intramolecular charge transfer (ICT) between the amine group and both
carbonyl groups in DO11 is minimally affected by reversible damage, yet the
reversibly-damaged species does not produce ASE. However, the absorbance
of the reversibly-damaged species, Ar, obtained using the linear absorption
spectroscopy method as described in Appendix A is close to the absorbance of
the irreversibly-dmamaged species, Airr, which implies the ICT pathway being
partially damaged in the reversibly-damaged species and is in agreement with
the calculation results using TD-DFT in Chapter 6. The disagreement between
ATIMr , which is a fit parameter for fitting TIM results using the modified
CCDM, obtained using the TIM method incorporated with linear absorption
spectroscopy method and Ar obtained using the linear absorption spectroscopy
method is a substantial discrepancy. Unfortunately it is difficult to measure
ATIMr and Ar directly. In contrast, ATIMirr and Airr can be approximated from
long time irradiation, where the other species are mostly depleted.
Photodegradation of DO11/PMMA samples is induced with a pump laser of
488 nm wavelength at peak intensity of 79.1 W/cm2 using the linear absorption
spectroscopy setup described in Section 3.3.2, and the result is shown in
Figure E.2. The absorption spectrum at the 90th minute is approximately
the absorbance of the irreversibly-damaged species since it is the long-time
steady state spectrum. This spectrum differs from both ATIMirr calculated in the
literature[60] and Airr obtained in Appendix A. Note that the different pump
laser wavelength used here does not cause a drastic difference in the absorption
spectrum of the damaged species as can be seen in the same experiment
performed with a peak intensity of 18.5 W/cm2 shown in Figure E.3, in which
the evolution in absorption spectrum is similar to that observed with the pump
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Figure E.2: Photodegradation of a 9 g/L DO11/PMMA sample irradiated with
a 488 nm wavelength cw laser at 79.1 W/cm2 intensity. (a) Absorbance and
change of absorbance recorded at various times. (b) Change of absorbance as a
function of time at 2.57 eV (482 nm), 2.70 eV (460 nm), and 3.09 eV (401 nm).
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Figure E.3: Photodegradation of a 9 g/L DO11/PMMA sample irradiated with
a 488 nm wavelength cw laser at 18.5 W/cm2 intensity. (a) Absorbance and
change of absorbance recorded at various times. (b) Change of absorbance as a
function of time at 2.57 eV (482 nm), 2.70 eV (460 nm), and 3.09 eV (401 nm).
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laser wavelength of 532 nm as described in Appendix A. Thus, the drastic
difference in the absorbance of the end products seen in Figure E.2 results from
the high pump intensity.
The above results suggest that the large amount of accumulated heat due to
high pump intensity may activate more kinds of reactions between DO11 and
thermally-degraded PMMA than when the pump intensity is much lower. In
other words, the amount of deposited heat may result in different degradation
process and damaged products. Note that the absorbance of the irreversibly-
dmamaged species found in Appendix A (approximately Airr) and in Figure E.2
(approximately ATIMirr for a typical TIM experiment) is obtained experimentally;
hence it is independent of the kinetic model. Even if the irreversibly-damaged
dye species were dominated by one species in a typical TIM measurement with
pump intensity in the order of 100 W/cm2, the calculated ATIMirr disagrees with
the experimental result in Figure E.2.
The calculated Ar, as discussed in Appendix A, depends on the assumption
that there are effectively three species converting into each other, and the
result qualitatively agrees with the time-dependent density functional theory
(TD-DFT) calculation described in Chapter 6. The calculated ATIMr depends
on the assumptions of three populations, the form of the rate equations given
by Equation E.1 and E.2 and no substantial difference in photodegradation
of DO11/PMMA through a wide range of pump intensity. Since ATIMirr does
not agree with the experimental result, ATIMr should also be re-examined.
Additionally, none of the candidates of the possible reversibly-damaged species
exhibit an absorption spectrum similar to the pristine DO11 spectrum (as ATIMr
does) calculated using the TD-DFT calculation as described in Chapter 6.
TIM experiments probe the transmittance in a narrow wavelength range
and can be approximated as a single wavelength, therefore the observations are
similar to Figure E.2(b) and E.3(b) at various pump intensities. When fitting
the results of TIM experiments to the modified CCDM, the absorption cross
sections of reversibly- and irreversibly-damaged dye are fit parameters assumed
to be the same for all observations, and the results obtained from different
pump intensities, e.g. Figure E.2(b) and E.3(b), are assumed to satisfy the
same set of rate equations in Equations E.1 and E.2. Thus, the modified CCDM
was established by experimental results that do not distinguish the substantial
difference of the processes and products of (reversible) photodegradation under
various conditions.
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